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ABSTRACT
Thermal p o ly m e r iz a tio n  of p e n ta f lu o ro s ty re n e  (PFS) was
c a r r ie d  o u t  i n  bulk and in  th e  p resence  o f s o lv e n ts .  Comparison o f
m o lecu la r w eig h ts  de term ined  o sm om etrica lly  w ith  th o se  o b ta in e d  u s in g
t r i t iu m - la b e l e d  AIBN in d ic a te s  th a t  te rm in a tio n  occurs e x c lu s iv e ly  by
co m b in a tio n . M olecular w e ig h ts  may be c a lc u la te d  from i n t r i n s i c
v i s c o s i t i e s  using  th e  e q u a tio n  = 8 .5 0  x 10^ The s o l u b i l i t y
2
o f poly-PFS was s tu d ie d  in  a number of s o lv e n ts .  V alues o f 2 k ^ f/6  
were o b ta in e d  fo r A X B N -in itia ted  p o ly m eriza tio n  in  bulk  and in  s e v e ra l
s o lv e n ts .  From th ese  v a lu e s  and m olecu lar w eig h t d a ta ,  v a lu e s  o f  f
2 2 2 2 and 6 w ere c a lc u la te d , where 5 = 2k^/kp. Both f  and 6 show some
so lv e n t dependence. The th e rm a l p o ly m eriza tio n  o f PFS has a  r a te
which i s  s im i la r  to  t h a t  o f  s ty re n e ,  and has an a c t iv a t io n  energy
o f th e rm a l i n i t i a t i o n  w hich i s  much lower th an  th a t  o f s ty re n e .  These
o b s e rv a tio n s  a re  d i f f i c u l t  to  e x p la in  in  term s o f  the  most accep ted
mechanism f o r  s ty r e n e 's  th e rm al p o ly m e riz a tio n ; th a t  i s ,  one which
in v o lv es  an  a to m -tra n s fe r  r e a c t io n  between a D ie ls -A ld e r dim er and
a n o th e r m o lecu le  of s ty r e n e .  I f  th i s  mechanism were to  ap p ly  to  PFS,
a f lu o r in e  atom  would have to  be t r a n s f e r r e d .  The t r a n s f e r  c o n s ta n t
to  PFS i s  z e r o ;  th is  f a c t  a l s o  i s  r e le v a n t to  th e  s p e c u la tio n  on th e
mechanism o f  therm al i n i t i a t i o n .  T ra n s fe r  to  THF, f lu o ro b en zen e ,
m ethyl i s o b u ty l  ke to n e , m ethyl iso p ro p y l k e to n e , b e n z o n i t r i l e ,
b e n z o t r i f lu o r id e ,  hexafluo ro b en zen e  and some n o n -so lv e n ts  w ere s tu d ie d
w ith  o r w i th o u t  a th i r d  s o lv e n t .  P ho topo ly m eriza tio n  o f PFS b o th  in
ix
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b u lk  and in  s o lv e n ts  were s tu d ie d  and th e  r a d ic a l  l i f e t i m e  was 
m easured by th e  r o t a t i n g  s e c to r  m ethod. Both th e rm al and A IB N -in itia ted  
co p o ly m e riz a tio n  o f  P F S -sty rene  and PFS-m ethyl m e th a c ry la te  (MMA) were 
s tu d ie d .  F o r  P F S -s ty re n e , th e  v a lu e s  o f  r ^ ,  e^  and f o r  PFS a re  
0 .2 2 , 0 .74 and 0 .6 9 ; f o r  PFS-MMA, th e  v a lu e s  o f  th e s e  p a ram ete rs  are 
0 .9 1 , 0 ;75 and 0 .8 7 . From th e  d a ta  o b ta in ed  from ch a in  t r a n s f e r ,  
a b s o lu te  r a t e  c o n s ta n t  and co p o ly m eriza tio n  ex p e rim en ts , i t  i s  
concluded t h a t  poly-PFS r a d ic a l  i s  more r e a c t iv e  th a n  p o ly s ty ry l  
r a d ic a l  but t h a t  th e  monomer i s  l e s s  r e a c t iv e .  The k in e t ic s  o f 
c o p o ly m e riz a tio n  w ere s tu d ied  a ls o :  f o r  P F S -s ty re n e , i s  7 .2  and
f o r  MMA i t  i s  5 .3 .  The k in e t ic s  o f h e te ro p o ly m e riz a tio n  o f PFS were 
examined in  th e  p re se n c e  of m ethano l. I t  was shown th a t  ty p ic a l  
o c c lu s io n  phenomena a r e  o p e ra tiv e  in  t h i s  system .
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
INTRODUCTION
S y n th e s is . The monomer 2 ,3 ,4 ,5 ,6 -p e n ta f lu o ro s ty r e n e  (PFS)
was sy n th e s iz e d  f o r  th e  f i r s t  tim e in  1959 by W all^ in  th e  U nited
2S ta te s  and by N ie ld  ^  a l . . i n  England. Pentafluorobroraobenzene i s
o b ta in e d  a s  one o f th e  p ro d u c ts  from th e  s y n th e s is  o f h e x a flu o ro -
1
benzene by th e  p y ro ly s is  of tr ib ro m o flu o ro m eth an e . I t  i s  then  
r e a c te d  a s  shown below ;
Mg CH3CHO AI2O3
C ,F -B r  ». C ,F ,M gB r ». C,F_-CHCH_----------->- C,F.CH=CH-0- )  O j  V 5 0 3 V 5 2
OH
An a l t e r n a t e  ro u te  to  p en ta flu o ro b ro m o b en zen eN u tilize s  b ro ra in a tio n  o f  
p en ta flu o ro b en ze n e  in  65% oleum .^ R ece n tly , W all^ re p o r te d  a th i r d  
method o f p r e p a ra t io n  o f PFS: W ith v in y l  l i th iu m , p rep a red  from
0 .1  mole o f  PhLi and 0 .025  mole o f t e t r a v i n y l t i n ,  0 .1  mole o f  
h exafluo robenzene  gave 20% PFS. Pure PFS i s  a c o lo r l e s s  l iq u id  
hav ing  b .p .  141-142° (760 mm)^*^ and n^^ 1 .441 0 -1 ,4 4 2 0 . Commercial 
PFS u s u a lly  c o n ta in s  0.5% t^ b u ty ic a te c h o l a s  i n h i b i t o r .
T h is  monomer i s  in t e r e s t in g  because i t s  s t r u c tu r e  i s  s im i la r  
to  s ty re n e  and y e t i t  has 5 f lu o r in e  atoms on th e  r in g .  F u rth erm o re , 
PFS polym er m ight be expected  t o  have g r e a te r  s t a b i l i t y  th a n  p o ly ­
s ty re n e  in  th e  same way th a t  T e flo n  i s  more s ta b le  th a n  p o ly e th y le n e . 
In d eed , W all^*^ re p o r te d  th a t  PFS polym er (poly-PFS) has g r e a te r  
the rm al s t a b i l i t y  and b e t t e r  r a d ia t io n - r e s i s t a n c e  th a n  p o ly s ty re n e .
The purpose o f t h i s  s tu d y  i s  to  in v e s t ig a te  th e  k in e t i c s  o f  p o ly ­
m e riz a tio n  o f t h i s  i n t e r e s t i n g  monomer.
1
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K in e t ic s  o f  P o ly m e riz a tio n . The k in e t i c  symbolism used 
in  t h i s  s tu d y  i s  in  con fo rm ity  w ith  American conven tio n s  in  p o ly ­
m e riz a tio n  k in e t i c s .^  (See A ppendix I . )  T here a r e  fo u r b a s ic
e q u a tio n s  in v o lv ed  in  a  r a d ic a l  induced p o ly m e riz a tio n :
R ate
I  ------». 2R. 2 k j f [ l ]  (1)
R .+ M -----► M- k^[R .][M ] (2)
M -+M -----► M* kp[M '][M ] (3)
2M------ ». P 2k^[M ']^ (4)
where I  i s  i n i t i a t o r ,  R» th e  p rim ary  r a d ic a l ,  M th e  monomer, M* 
a polym er r a d ic a l  r e g a rd le s s  o f  cha in  le n g th , and P a polym er m o lecu le . 
Note t h a t  i n  E quation  4 , a  f a c to r  o f 2 i s  in tro d u c e d  fo r  th e  r a te  of 
d isa p p e a ra n c e  o f r a d i c a l s .  (See Appendix I . )  When so lv en t i s  
p re s e n t  in  a  p o ly m e riz a tio n  system , two more s te p s  may be added :
M. + S  ►P + S . k^^[M *][S] (5)
So + M  » M. k [S«][M ] (6 )
where S* i s  th e  so lv e n t r a d i c a l ,  and S th e  so lv e n t m olecu le . I n  o rd e r
to  d e r iv e  u se fu l k in e t i c  e x p re s s io n s , i t  i s  assumed th a t  (a ) a l l  r a t e
c o n s ta n ts  a re  independen t o f c h a in  le n g th , so th a t  = M» as
im p lied  in  E qu a tio n  3 ; (b) th e  r a te s  o f fo rm atio n  and d e s t r u c t io n  of
f r e e  r a d ic a l s  a re  equal ( th e  s te a d y  s t a t e  a ssu m p tio n ); (c )  th e  s o lv e n t
r a d ic a l  formed in  E quation  5 im m ediately  i n i t i a t e s  a  new ch a in  by
0
E q u atio n  6, i . £ . , th e re  i s  no d e g ra d a tiv e  ch a in  t r a n s f e r .  I f  th e
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polym er ch a in  le n g th  i s  v e ry  la r g e ,  th e  monomer d isap p ea ran ce  i s  
p red o m in an tly  due to  th e  p ro p ag a tio n  r e a c t io n ,  and th e  o v e r a l l  r a te  
o f  p o ly m e riz a tio n  can be re p la c e d  by th e  r a t e  of p ro p a g a tio n .
-d [M ]/d t = Bp = kp[M .][M ] (7)
By th e  s te a d y  s t a t e  assum ption , th e  r a t e  o f i n i t i a t i o n  o f  r a d ic a ls  
i s  equal to  th e  r a t e  o f  t h e i r  d e s t r u c t io n :
R i = R t (8)
o r
(Z k d f )* '"  .............0 .5
Combining E quations  7 and 9,
^ 0 .5
Rp = [M] ^ ( 10)
where 6 = (2 k ^ )^ * ^ /k p .
The deg ree  o f  p o ly m e riz a tio n , d e f in e d  a s  th e  number of 
monomer u n i t s  in  th e  av erage  polymer m o lecu le , can be fo rm alized  as 
fo llo w s :
where d [ P ] /d t  r e p re s e n ts  th e  r a te  o f p ro d u c tio n  o f po lym er, and 
-d [M ]/d t th e  r a t e  o f  consum ption o f  monomer. I f  th e  growing r a d ic a ls  
a r e  te rm in a ted  by m utual com bination , a s  w e ll as  by t r a n s f e r ,  th e n
^  = k^[M .]^  + + k ^ r^ g [M .][S ] + k ^ r ^ ; [ M .] [ l ]  + . . . .  (12)
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By rearrangem en t o f E quation  11 and combining w ith  E q u a tio n s  7 -10 , 12, 
we o b ta in
2
Ic Ic Ic
w here , Gg = — , and a re  c a l le d  th e  t r a n s f e r
P P P
. c o n s ta n ts  to  monomer, so lv e n t and i n i t i a t o r ,  r e s p e c t iv e ly .  I f  i s
ta k e n  to  be c o n s ta n t and in  th e  absence o f i n i t i a t o r .  E quation  13
9
becomes th e  Mayo e q u a tio n  fo r t r a n s f e r  to  so lv e n t
P = F  + “s  { I j  (14)
w here 1/P^ i s  th e  in v e rse  of th e  degree of p o ly m e riz a tio n  f o r  bu lk
monomer (no s o lv e n t c a s e ) ,  and th e  l /P ^  v a lu e  i s  dependent on th e
monomer and th e  tem p era tu re  o f th e  p o ly m eriza tio n  b u t i t  ^is independent
o f  so lv e n t.  One way o f  m easuring Cg i s  to  use th e rm al i n i t i a t i o n  and
E qu atio n  14. A graph  o f  l /P  a g a in s t  [S ]/[M ] should  g iv e  a s t r a i g h t
l i n e  w ith  s lo p e  Cg. In  an o th e r method, an i n i t i a t o r  i s  used and th e
2
Cg v a lu e  may be c a lc u la te d  from E qu a tio n  13. Value o f  k ^ f and 6 can
be determ ined by p lo t t i n g  a g a in s t  [M ][ I ]^ '^ ,  and 1 /P  a g a in s t  R^,
a s  seen from  E quations 10 and 13, r e s p e c t iv e ly .  The mechanism of 
r a d ic a l  te rm in a t io n ,  com bination o r d is p ro p o r t io n a t io n  must be known 
b e fo re  c a lc u la t in g  t r a n s f e r  c o n s ta n ts ,  R^ v a lu e s .  E q u a tio n s  12 and 13 
a r e  t ru e  only  when growing cha in s  a re  te rm in a ted  by m utual com bination. 
I f  polym er r a d ic a l s  a re  te rm in a ted  by d is p ro p o r t io n a t io n .  E quations 12
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and 13 should  be rep laced  by
^  + k c r .s [ M '] r s ]  + + " "  <!=>
and
+ + ( 1*)
Mechanism o f  Thermal I n i t i a t i o n . I t  has been observed th a t
r ig o ro u s ly  p u r if ie d  s ty re n e  and some o th e r  o le f in s  gave re p ro d u c ib le
p o ly m e riz a tio n  r a te s  in  th e  dark  and in  th e  absence o f  i n i t i a t o r s .
T h is  in d i c a te s  th a t  im p u r it ie s  w hich might a c t  a s  i n i t i a t o r s  a re  no t
120re s p o n s ib le  fo r  th e  th e rm al i n i t i a t i o n .  F lo ry  re p o r te d  th a t  th e  
o v e r a l l  the rm al p o ly m e riz a tio n  i s  second o rd e r in  s ty re n e ,  and he 
sugg ested  a  b im o lecu la r i n i t i a t i o n  mechanism in v o lv in g  a  d i r a d ic a l  
in te rm e d ia te ;  >
2PhCH = Cllg --------► Ph-CHCHgCHgCH-Ph
However, some ev idence a g a in s t  th e  fo rm ation  o f  d i r a d ic a l  in  th e
28i n i t i a t i o n  s te p  has s in c e  been re p o r te d . Mayo, from s tu d ie s  o f  th e  
amounts o f  low- and h ig h -m o lecu la r-w e ig h t polym ers formed in  the 
styrene-brom obenzene system , concluded th a t  the  o v e ra l l  r a t e  i s  
a c tu a l ly  2 .5  o rd e r in  s ty re n e . To e x p la in  t h i s ,  Mayo^^^*^^^ suggested  
a te rm o le c u la r  i n i t i a t i o n  mechanism which in v o lv es  a D ie ls -A ld e r  type  
dim er a s  an in te rm e d ia te  and th e  re a c t io n  of t h i s  adduct w ith  a th i r d
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
styren e  m o lecu le  in  a m o lecu le-in d u ced  h om olysis s te p :
2M ^  (16a)
Ph
(AH)
AH + M + PhCHCH (16b)
Mayo's mechanism i s  s u b s ta n t ia te d  by th e  i s o l a t i o n  o f 1 -phenyl- 
t e t r a l i n e  (and o th e r  d e r iv a t iv e s )  from heated  sty rene^^*^^  by k i n e t i c  
ana ly sis j"^^  and by k in e t i c  iso to p e  e f f e c t  s tu d ie s .
Pure s ty re n e  d e c o lo r iz e s  d ip h e n y lp ic ry lh y d ra z y l (DPPH), and th i s  
would seem to  in d ic a te  th a t  r a d ic a ls  a re  form ed. However, th e  DPPH* 
d isa p p e a rs  f a s t e r  th a n  r a d ic a l s  a re  c a lc u la te d  to  be produced based 
on th e  r a t e  o f appearance o f  therm al polym er. T h is  can be ex p la in ed ^ ^  
by p o s tu la t in g  th a t  th e  DPPH r e a c t s  w ith  the  dim er to  o x id ize  i t ;
H
+ (CgH ^)2N-N-pic. — ► + (CgH^)2N-N-pic.
Ph H Ph
(AH)
where p ic .  = - ^ ^ N O
2
The a c t iv a t io n  energy  fo r  t h i s  r e a c t io n  i s  found to  be 23 kca l/m o le
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c lo se  t o  th a t  o f  th e rm al p o ly m e riz a tio n  of pu re  s ty re n e  (2 1 .0  kcal/m ole^® ),
However, L assw ell^^^  found th a t  th e  DPPH d isa p p e a rs  r a p id ly  in  v in y l -
m e s ity le n e , s t i l b e n e ,  cyclohexane and a l l  o th e r  s o lv e n ts  excep t benzene.
Thus th e  r e a c t io n  o f DPPH ap p ea rs  to  be much more com plica ted  th a n
w hat one would e x p e c t; th e  DPPH may r e a c t  w ith  th e  monomer and th e
62s o lv e n t  as  w e l l  as th e  d im er. Oxygen a lso  sp o n tan eo u sly  r e a c t s  w ith  
s ty re n e  w ith  an  a c t iv a t io n  energy  o f  24 k c a l/m o le . A pparen tly  oxygen 
a l s o  undergoes a m o lecu le -induced  hom olysis r e a c t io n  w ith  th e  a d d u c t.
AH + Og ---- ». O ]  I + HOg.
T h is  mechanism fo r  spon taneous a u to x id a tio n  o f s ty re n e  i s  s u b s ta n t ia te d
by th e  i d e n t i f i c a t i o n  o f 4 -p h e n y l- te tr a lo n e  in  s ty re n e  w hich r e a c te d
w ith  oxygen in  th e  p re sen ce  o f  i n h ib i to r s  to  p re v e n t e x te n s iv e  
123a u to x id a tio n :
OOH
s e v e ra l  s te p s  
 ».
and w ork-up
H Ph H Ph
M ayo's mechanism may be v a l id  fo r  s ty re n e  as w e ll  as  o th e r  v in y l
monomers such a s  2 -v in y lfu ra n ^ *  2 -v in y lth io p h e n e .^ ^ . However, a
117re c e n t s tu d y  by B ram  in d ic a te s  t h a t  a more ex tended r e a c t io n  
scheme f o r  th e  th e rm al p o ly m e riz a tio n  o f s ty re n e  in v o lv in g  b o th  th e  
D ie ls -A ld e r  d im er and the  d i r a d i c a l  in te rm e d ia te  may be needed. More
I n h ib i to r s
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d is c u s s io n  w i l l  be g iv e n  l a t e r  in  th e  s e c t io n  on th e  th e rm al i n i t i a t i o n  
mechanism o f  PFS (se e  p .  5 4 ) .
The R o ta tin g  S e c to r  M ethod. In  th e  case o f  p h o to p o ly m eriza tio n , 
p rim ary  f r e e  r a d ic a l s  a r e  produced from  th e  d ecom position  o f  i n i t i a t o r  
e x c i te d  by th e  a b s o rp tio n  o f  l i g h t  ( u s u a l ly  i n  the u l t r a v i o l e t  r e g io n ) .
The r a t e  o f  p ro d u c tio n  o f  th e s e  r a d i c a l s  i s  p ro p o r tio n a l  to  th e  i n t e n s i t y  
o f  th e  absorbed  l i g h t ,  I^^^ .
\  ( 17)
where I^y^  i s  th e  q u an ta  abso rbed  i n  m o l e s / l i t e r / s e c ,  and f  th e  
e f f ic ie n c y  o f  c h a in  i n i t i a t i o n .  (U su a lly  f  i s  le s s  th an  1 due to  
cage r e a c t io n s ) .  B e e r 's  law s t a t e s  t h a t :
l a b s .  =
where i s  th e  i n t e n s i t y  o f  in c id e n t  l i g h t ,  e th e  e x t in c t io n  
c o e f f i c ie n t  o f  th e  i n i t i a t o r ,  [S] th e  s e n s i t i z e r  c o n c e n tra t io n , and 
I  th e  o p t i c a l  p a th  le n g th . E q .l7  th e n  g iv e s :
= 2 f 'I ^ 'G '4 '[ S ]  (18)
When s te a d y  s t a t e  c o n d itio n s  a re  re a c h e d ,
= 0 = 2 f 'I ^ . G '4 '[ S ]  - 2k^[M .]2 (19)
and E qu a tio n  19 may be s u b s t i tu te d  in to  E quation  7, y ie ld in g
(20 )
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Thus, th e  r a t e  o f  p o ly m e riz a tio n  i s  p iiropro tional to  th e  sq u are  r o o t
o f  l i g h t  i n t e n s i t y  and p h o to s e n s i t iz e r  c o n c e n tra t io n .
E q u a tio n s  19 and 20 a re  v a l id  when th e  s te a d y  s t a t e  o f
r a d i c a l  c o n c e n tra t io n  i s  reac h ed , b u t th e y  a re  n o t v a l id  a t  th e  s t a r t
o f  th e  i r r a d i a t i o n .  The s tu d y  of t h i s  n o n -s te a d y  s t a t e  c o n d itio n  i s
th e  b a s is  o f th e  r o t a t i n g  s e c to r  te c h n iq u e , w hich a t  p r e s e n t  a p p e a rs
t o  be th e  most a c c u ra te  and dependable method o f d e te rm in in g  th e  r a t e
c o n s ta n ts  in  p o ly m e riz a tio n  p r o c e s s e s . A  concep t o f th e  av erag e
l i f e t im e  o f  a  growing polym er ch a in , t , i s  in tro d u ced  in  th e  r o ta t in gs
s e c to r  m ethod. T h is  q u a n t i ty  i s  d e f in e d  a s  th e  r a t i o  o f  r a d ic a l  
c o n c e n tra t io n  a t  th e  s te a d y  s t a t e  to  th e  r a t e  o f  d isap p ea ran ce  o f  
r a d i c a l s
R e c a llin g  E q u a tio n  7, a r e la t io n s h ip  betw een k  and i s  o b ta in e d :
k [M]
T„ = -----
s  -  2k^ Kp, (22 )
E q u a tio n s  10 and 22 c o n ta in  on ly  two v a r i a b l e s ,  and th e re fo re  
in d iv id u a l  v a lu e s  o f  k^ and k^ may be o b ta in e d . The th e o ry  o f  
n o n -s tead y  s t a t e  k in e t i c s  and th e  e v a lu a t io n  o f r a d ic a l  l i f e t im e ,  Tg, 
by in t e r m i t t e n t  i l lu m in a t io n ,  i s  d isc u sse d  by M e lv ille  and B u rn e tt^ ^  
i n  d e t a i l .  Only th e  r e s u l t s  w i l l  be m entioned h e re . A s e c to r  i s  
d r iv e n  by a  synchronous m otor th ro u g h  a s e t  of g e a rs  so as to  g ive
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v a ry in g  r o ta t io n  sp eed s . (See Appendix I I ) .  The l i g h t  can be 
f l i c k e r e d  a t  chosen in t e r v a l s  depending on the  s e c to r  speed and the  
d a rk  to  l i g h t  r a t i o ,  r ,  o f  th e  s e c to r .  T h is  cau ses  th e  r a d ic a l  
p ro d u c tio n  to  be s t a r t e d  and stopped a t  th e  chosen in t e r v a l .  For 
exam ple, c o n s id e r  a  s e c to r  w ith  r  = 1 ( i . e . ,  d ark  and l i g h t  a re a
e q u a l ) . When th e  s e c to r  r o t a t e s  v e ry  slo w ly , th e  r a d ic a l  c o n c e n tra tio n
w i l l  be a b le  to  re a c h  th e  s te a d y  s t a t e  l e v e l  d u rin g  th e  l i g h t  p e rio d  
and drop com p le te ly  to  z e ro  du ring  th e  d ark  p e r io d . In  th i s  extrem e 
c a s e ,  th e  r a t e  o f  p h o to -p o ly m e riz a tio n  w i l l  be
w here d en o tes  th e  r a t e  o f p o ly m e riz a tio n  under s te a d y  l i g h t .  T his
i s  th e  s o - c a l le d  "low er l im i t "  f o r  th e  p o ly m e riz a tio n  r a t e .  I f ,  on 
th e  o th e r  hand, th e  s e c to r  r o ta t e s  v e ry  f a s t ,  th e  e f f e c t  i s  th e  same 
a s  s te a d y  l i g h t ,  b u t th e  l i g h t  i n t e n s i t y  w i l l  be reduced  by a  f a c to r  
o f  r+1 = 2. S ince  th e  r a t e  o f p o ly m e riz a tio n  i s  p ro p o r tio n a l  to  
th e  square  ro o t  o f  th e  l i g h t  in t e n s i t y ,  th e  r a te  in  t h i s  case w i l l  be
avg -
T his i s  c a l le d  th e  "upper l im i t "  fo r  th e  p h o to p o ly m eriza tio n  r a t e .
Now, i f  we choose a  s e c to r  speed between th e se  two extrem e l i m i t s ,  
th e  r a t e  w i l l  l i e  betw een th e  upper and low er l i m i t s ,  i . e . ,
avg “ avg
t h i s  c a s e ,  th e  r a d ic a l  c o n c e n tra tio n  w i l l  n o t re a c h  the  s tead y  s ta te
v a lu e  bu t w i l l  l i e  between the  two extrem e v a lu e s  o f [M*]. An
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e x p e rim en ta l curve i s  o b ta in ed  by m easuring th e  p o ly m e riz a tio n  r a te s
a t  d i f f e r e n t  s e c to r  sp e e d s , E^, com paring w ith  th o se  o b ta in ed  a t
s te a d y  l i g h t ,  , and p lo t t in g  th e  r a t i o  Rp/Rp a g a in s t  log  X, where
X i s  th e  f l a s h  time m easured by s to p  w atch . T h e o re tic a l curves fo r
d i f f e r e n t  r  v a lu es  can be c o n s tru c te d  (by p lo t t i n g  Rp/Rp v s .  lo g  m)
10u s in g  th e  fo llow ing  e q u a tio n s ;
Rpg “ r+1 m "̂'■1+Rpj /Rp * (23)
^  2 2 2 0 5 2 _ rm tanh  m + f r  m tan h  m + 4(rm +tanh m )tanh ml
Rp^ “  2(rm  + ta n h  m) (24)
T , -  m (25)
w here m i s  th e  r a t i o  o f  tim e o f f l a s h  to  th e  l i f e t im e  o f k in e t i c
c h a in . S u b s t i tu t io n  o f  E quation  24 in  23 w i l l  g iv e  th e  v a lu e s  o f
10Rp/Rp in  term s of m and r  o n ly . B u rn e tt and M e lv ille  ta b u la te d
th e  v a lu e s  o f Rp/Rp^ a s  fu n c tio n  o f m f o r  v a r io u s  v a lu e s  o f  r .  The
T g .value  can be c a lc u la te d  from th e  d if f e r e n c e  between th e  th e o re t ic a l  
and ex p e rim en ta l cu rves as  im p lied  by E q u a tio n  25. U su a lly  an 
av erag e  v a lu e  i s  tak en  and i s  c a l le d  th e  "average l i f e t im e " .
The above d is c u s s io n  i s  based on th r e e  im p o rtan t assum ptions: 
(1 ) The therm al (dark ) r a t e  i s  n e g l ig ib le ,  (2 )  the t r a n s i t i o n  from 
l i g h t  to  dark  c o n d itio n s  i s '  s h a rp , and (3) te rm in a t io n  occurs  by only 
one mechanism. I f  th e  therm al r a t e  i s  no t n e g l ig ib le ,  th e  two curves 
(ex p e rim en ta l and th e o r e t i c a l )  w i l l  no t meet a t  the  low er (slow  s e c to r
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speed) re g io n . In  t h i s  case ' in  c o n s tru c tin g  th e o r e t i c a l  cu rv e , i t  
i s  n e c e ssa ry  to  a llow  fo r  t '  erm ai r a t e  as g iv e n  by E quations 26-28:
Rp [Rp /Rp ] + tan h  
2 1 °  __________ (27)
Rp
1 2 2 2 2 2 ——  = - ( l - z  ) ta n h  zrm tan h  m + [(1 -z  ) ta n h  zrm tanh  i
® 2 %+ 4 (tan h  zrm+z ta n h  m)(z tanh nri-z ta n h  zrm)'}
2 ( ta n h  zrm + z tan h  m)
m
(28)
where z i s  th e  r a t i o  o f  th e  therm al to  o v e ra l l  photochem ical r a t e s .
Rp and R^ a re  p ro p o r tio n a l  to  r a d ic a l  c o n c e n tra tio n s  a t  th e  beg inn ing  -  
1 2
and end o f th e  l i g h t  f l a s h ,  r e s p e c t iv e ly .  The com putation  i s
co m p lica ted , and a com puter program  has been w r i t t e n  by Mr. H. S t r e i f f e r
- (D epartm ent of C hem istry , L o u is ian a  S ta te  U n iv e rs i ty )  and was used in
t h i s  s tu d y . T able 17 l i s t s  some th e o r e t ic a l  v a lu e s  o f  Rp/Rp computed
by t h i s  program . These d a ta  a llow  fo r  therm al c o r re c t io n s  from
z = 0 .0 1  to  0 .04  and th ey  a re  n o t a v a i la b le  in  th e  l i t e r a t u r e .  D ainton^^
showed th a t  assum ption (2) i s  u s u a lly  v a l id  ex ce p t a t  very  low s e c to r
sp eed s . Assumption (3) i s  u s u a lly  s a t i s f i e d  f o r  th e  p o ly m eriza tio n
12of s ty re n e .  Most ex p erim en ta l ev idence has shown th a t  th e  te rm in a tio n  
r e a c t io n  between two p o ly s ty ry l  r a d ic a ls  i s  an  e x c lu s iv e  com bination 
p ro c e ss  f o r  te m p era tu res  up to  80°C. Experim ents u s in g  a la b e le d
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I n i t i a t o r  w ere used  to  show th a t  PFS a l s o  undergoes te rm in a tio n  by
13com bination ; th e se  d a ta  have been p u b lish ed  and w i l l  be p re s e n t  In  
t h i s  th e s i s  a l s o .  I f  f i r s t  o rd e r r a d ic a l  te rm in a tio n  a s  w e ll  as 
m utual te rm in a t io n  (com bination  o r/an d  d is p ro p o r tio n a tio n )  o c c u rs , two 
cu rves (e x p e rim e n ta l and th e o re t ic a l )  w i l l  n o t meet a t  th e  upper 
(h ig h  s e c to r  speed) re g io n , and a s p e c ia l  c a lc u la t io n ^ ^  w i l l  be 
re q u ire d  t o  acc o u n t f o r  t h i s .  However, I f  b o th  th e  dark  r a t e  and 
more than  one r a d i c a l  te rm in a tio n  mechanism become Im portan t a t  th e  
same tim e , th e y  te n d  t o  compensate each o th e r  and normal cu rves a r e  
o b ta in e d .
C o p o ly m erlza tlo n . I n  the co p o ly m erlza tlo n  o f two ty p es  o f  
monomers, fo u r  c h a in  p ro p ag a tin g  r e a c t io n s  and th re e  te rm in a tio n  
s te p s  a re  Invo lved  :





T erm in a tio n
. (33)
^ ^ t l 2 [ ^ ' ] [ ^ 2 ' ]  (34)
Mg'+Mg. 2kt22[M2"]^ (35)
w here = monomer 1 , Mg = monomer 2, M̂ « i s  a polym er r a d ic a l  having 
monomer 1 a t  th e  c h a in  end, Mg* is  a  polymer r a d ic a l  having monomer
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2 u n i t  a t  th e  c h a in  end, i s  th e  r a t e  c o n s ta n t  f o r  r e a c t io n  o f  
polym er r a d ic a l  h av in g  monomer 1 a t  th e  end o f  ch a in  w ith  monomer 2, 
and so on. H ere a g a in ,  some assum ptions have to  be made i n  o rd e r  to  
o b ta in  u se fu l k i n e t i c  e x p re s s io n s : (1 ) v e lo c i ty  c o e f f i c ie n t s  a re
independen t o f  r a d i c a l  s i z e ,  (2) th e  ch a in  le n g th  i s  g re a t  and t o t a l  
r a t e  of monomer consum ption may be ta k e n  to  be th a t  in  p ro p a g a tin g  
r e a c t io n s ,  and (3 ) a  s te a d y  s t a t e  in  r a d ic a l  c o n c e n tra t io n s  e x i s t s .
U sing  th e se  s im p l i f i c a t i o n s ,  one can e a s i l y  show th a t
[Mj ]̂ + [Mg]
'  O y  ' [Mj] + (3*)
w here r̂  ̂ = and r^  = ^22^^21* ^̂ 1**̂ 2 c a l le d  "monomer
r e a c t i v i t y  r a t i o s " .  E quation  36 i s  c a l le d  th e  "co p o ly m eriza tio n  
e q u a t io n " , and i t  was f i r s t  in tro d u ced  by A lf re y  and G o ld fin g e r.
E v a lu a tio n  of monomer r e a c t iv i t y  r a t i o s  can be made by d i f f e r e n t
7 15m ethods. In  t h i s  s tu d y , th e  Fineman-Ross method i s  ad o p ted . By
u s in g  th e  d e f in i t i o n s  f  = d[Mj^]/d[Mg] and F = [Mj^]/[Mg], E q u a tio n  36
can  be transfo rm ed  t o
2
f ( f - l )  = ? !  § -  - rg  (37)
The F value  i s  known from th e  monomer com position  and f  can be
determ ined  by th e  a n a ly se s  o f  th e  copolymer form ed. Thus, a  p lo t  o f 
F F^j ( f - l )  a g a in s t —  g iv e s  s lo p e  = r̂  ̂ and in t e r c e p t  = - r g .  R e a c t iv i ty  
r a t i o s  a re  c h a r a c t e r i s t i c  o f  each monomer p a i r ,  and th ey  a r e  indep en d en t 
o f  th e  type o f i n i t i a t i o n .  The a c tu a l  i n i t i a t o r  used a f f e c t s  th e  r a te
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b u t no t th e  com position  o f  th e  copolymer form ed. On th e  o th e r  hand ,
 ̂ !
i t  I s  n e c e ssa ry  to  in d ic a te  th e ^ te m p e ra tu re  a t  w hich the  copoly­
m e riz a t io n  i s  c a r r ie d  ou t because  r e a c t i v i t y  r a t i o s  a re  te m p e ra tu re  
dependent ; , th e  two r a t e  c o n s ta n ts  com prising  th e  r e a c t i v i t y
r a t i o s  do n o t ,  in  g e n e ra l .  Have th e  same a c t iv a t io n  en e rg y . There
i s  some ev id en ce  in d ic a t in g  th a t  s o lv e n ts  have no d e te c ta b le  e f f e c t
16on r e a c t i v i t y  r a t i o s ;  Mayo found id e n t i c a l  r e a c t i v i t y  r a t i o s  f o r  
th e  styrene-MMA system  in  benzene and a c e t o n i t r i l e  ( s o lv e n ts  o f low 
and h ig h  d i e l e c t r i c  c o n s ta n t , r e s p e c t iv e ly )  and in  m ethanol (a so lv e n t 
from  w hich th e  polym er p r e c i p i t a t e s ) .
The Q -  e Scheme. In  a d d i t io n  to  t h e i r  obvious use in  
p r e d ic t in g  th e  com position  o f a r e s u l t in g  copolym er, th e  monomer 
r e a c t i v i t y  r a t i o s  can  be used in  a q u a n t i t a t iv e  d is c u s s io n  of monomer 
and r a d ic a l  r e a c t i v i t y .  The b e s t known and th e  most w id e ly  used
17r e a c t i v i t y  c o r r e l a t i o n  i s  known a s  th e  A lf re y -P r ic e  Q - e scheme.
T his scheme e x p re s s e s  each p ro p a g a tio n  r a t e  co n s ta n t in  term s o f  fo u r  
p aram ete rs  r e p r e s e n t in g  th e  b a s ic  r e a c t i v i t i e s  and p o l a r i t i e s  o f th e  
two s p e c ie s  co n ce rn ed . I f  th e  p o l a r i t y  o f th e  monomer and o f i t s  
co rresp o n d in g  r a d i c a l  a re  assumed to  be th e  same, th e n  th e  fo llo w in g  
eq u a tio n s  can be d e r iv e d :
11 = 'iQ i
2exp(-e^)




21 = P2Q1 expC-e^eg:
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w here P and Q a r e  p ro p o r t io n a l  to  th e  b a s ic  r e a c t i v i t i e s  o f  the  
r a d ic a l  and monomer r e s p e c t iv e ly ,  and e i s  p ro p o r t io n a l  to  th e  
charge on th e  monomer u n i t .  Thus, by r e c a l l i n g  th e  d e f in i t i o n  o f
rj  ̂ and r^
Qi
^1 = ~  expC-e^Ce^-eg)] (38)
Qg
^2 = GxPC-Ggteg-ei)] (39)
= exp [-(e^ -e2)2] (40)
Upon rea rran g e m en t,
Gg = a  ( - I n  r^ rg )^ ^ ^  (41)
Q,
^2 = r ^  G xpC -e^fe^-eg)] (42)
C le a r ly ,  a s ta n d a rd  r e fe re n c e  monomer i s  needed in  th e  ass ignm en t of
Q, e v a lu e s .  S ty re n e  has been chosen f o r  t h i s  pu rpose , and th e
scheme has been  found t o  be s e l f - c o n s i s t e n t  when Q, = 1 .0 ,  e ,  = -0 .8 0
1 '  1
f o r  s ty r e n e .  The f a c to r  Q i s  a measure o f  g e n e ra l r e a c t i v i t y  o f  th e  
monomer and i t s  co rresp o n d in g  r a d ic a l .  Resonance s t a b i l i z a t i o n  
a f f e c t s  b o th  monomer and r a d i c a l ,  b u t th e  e f f e c t  on th e  r a d ic a l  i s  
u s u a lly  g r e a t e r .  T h e re fo re , th e  g r e a te r  the Q v a lu e , th e  g r e a te r  
w i l l  be th e  r e l a t i v e  reso n an ce  s t a b i l i z a t i o n  o f  th e  r a d ic a l  produced 
from th e  monomer, and th e  h ig h e r w i l l  be th e  r e a c t i v i t y  o f th e  monomer. 
The g r e a t e r  the  Q o f a monomer, th e  le s s  r e a c t iv e  w i l l  be i t s  
c o rre sp o n d in g  polym er r a d i c a l .  The f a c to r  e i s  a m easure o f  p o la r i ty
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o f  th e  monomer and th e  co rresp o n d in g  r a d ic a l  (assum ed to  be o f equ a l 
p o l a r i t y  in  th e  Q -  e schem e). The more p o s i t i v e  th e  e v a lu e ,  the  
more e l e c t r o p o s i t iv e  (e le c tro n -p o o r )  w i l l  be th e  r e a c t io n  s i t e  
(u s u a l ly  a t  th e  v in y l  double bond o f a monomer); th e  more n eg a tiv e  
th e  e v a lu e ,  th e  more e l e c t r o n - r ic h  w i l l  be th e  monomer.
The 6 F a c to r . The i  f a c t o r ,  an o th e r im p o rtan t param eter in  
co p o ly m e riz a tio n , can  be d e riv e d  from the k i n e t i c  m easurem ents.
W hile th e  com position  o f the  copolymer i s  governed la rg e ly  by fo u r 
p ro p a g a tio n  r a t e  c o n s ta n ts  in  term s o f  r̂  ̂ and r^  v a lu e s ,  th e  r a t e  o f  
co p o ly m eriz a tio n  depends on th e  r a t e s  o f  i n i t i a t i o n ,  te rm in a t io n , and 
p ro p a g a tio n . A ccord ing  to  th e  s te a d y  s ta t e  a ssu m p tio n , th e  r a t e  o f 
i n i t i a t i o n  i s  equ a l to  th e  r a t e  o f t e r m in a t io n ^ _ i .e . :
Ri = 2k^uCM-f + + Zk^ggCMg']^ (43)
The o v e r - a i l  r a t e  o f co p o ly m eriza tio n  i s  g iven  by 
-d([M  > [M  ])
Rp =  d ï----------  = ^22[**2 "][**2 ]
I
(44)
By com bining E q u a tio n s  43 and 44 , i t  can be shown th a t
^  + 2^r^r26^52[M ^][Mg] +
w here r^  = r ,  = ô j = ^  ^  = ----------—
12 *• "21 ^11 ^22 ^ ^ ^ tll^ t2 2 ^
0.5*
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The f a c to r  j5 i s  a m easure o f  th e  im portance o f  c ro s s - te rm in a tio n  in  
co p o ly m eriz a tio n . U su a lly  6 > 1 means th a t  r a d ic a l s  o f  d i f f e r e n t  
p o l a r i t i e s  te rm in a te  w ith  each o th e r  (c ro s s - te rm in a tio n )  i n  p re fe re n c e  
to  the te rm in a tio n  o f  the  same k ind  o f  r a d ic a ls . .  The v a lu e  o f  i  
in d ic a te s  th a t  the c ro s s - te rm in a tio n  s te p  in  co p o ly m eriza tio n  p a i r s  
i s  q u ite  im p o rta n t. I t  i s  a  q u a l i t a t iv e  f a c t  th a t  i s  l a r g e s t  in  
th o se  system s in  w hich the p ro p ag a tio n  p ro cesses  show a tendency 
tow ards a l t e r n a t io n  ( r^ rg  s m a l l) .
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HOMOPOLYMERIZATION 
I .  EXPERIMENTAL SECTION
P u r i f ic a t io n  o f  Monomer. PFS was purchased  from th e  
Im p e ria l Sm elting  Corp. o f  England as  a  l i g h t  ye llow  l iq u id  c o n ta in in g  
0.5% _ t-b u ty lc a te c h o l a s  i n h i b i t o r .  P u r i f i c a t io n  was acconp lished  by 
p re p o ly m e riz a tio n  a t  60° f o r  6 h r  fo llow ed  by d i s t i l l a t i o n  under 
n it ro g e n  a t  34° (25 mm). The c y c le  was re p e a te d  u n t i l  a c o n s ta n t r a t e  
o f th e rm a l p o ly m e riz a tio n  was reach ed . The c o r r e c t  therm al r a t e  was 
found to  be 5 .70  x 10 ^ M sec  ^ a t  60°C. The p u re  monomer has
2° (760 m m )l'2  g^d n ^ °
I s o la t io n  o f  th e  Polym er. Polymer was is o la te d  by a
b .p .  141-142 (  m) * an   1 .4410 -1 .4420 , and i t  i s  c o lo r l e s s .
m o d if ic a t io n  o f the  f r e e z e -d ry  techn ique  developed  by Lewis and 
19Mayo fo r  s ty re n e  ; th e  m o d if ic a tio n s  w ere n e c e ssa ry  sin ce  poly-PFS 
i s  in s o lu b le  in  benzene, and th e  f re e z in g  p o in t o f  th e  so lv en t 
te t r a h y d ro fu ra n  (-6 5 °) p re c lu d e s  i t s  use i n  f re e z e -d ry in g . The 
c o n te n ts  o f  anq>oules w ere washed in to  a  125 m l- f la s k  w ith  50-100 ml o f 
THF, th e  s o lv e n t was ev ap o ra ted  under a m oderate vacuum, 50 ml of 
benzene w as added, the su sp en sio n  was f ro z e n  in  Dry Ic e -a c e to n e , and 
th e  benzene was allow ed to  sublim e o f f  under f u l l  vacuum. The c y c le  
was re p e a te d  u n t i l  c o n s ta n t w eigh t was o b ta in e d .
In  th e  runs w here t r i t iu m - la b e le d  a z o b is is o b u ty r o n i t r i le  
(AIBN) was used as i n i t i a t o r ,  th e  polymer was d is so lv e d  in  15 ml o f
19
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THF and p r e c ip i ta te d  from  250 ml o f co ld  m ethanol ( -3 0 ° ) ,  f i l t e r e d  
im m ediately  and washed w ith  co ld  m ethano l. T h is  c y c le  was re p e a te d  
th re e  tim e s . A ty p i c a l  c o n tro l  was as  fo llo w s : 1 ml of PFS was
polym erized  to  20.3% co n v ers io n  u s in g  4 .57  x  10~^ M AIBN-t a t  60°.
The polym er i s o la te d  a f t e r  th re e  p r e c ip i t a t io n s  showed a w eight lo s s  
o f abou t 5%. A m ix tu re  o f  4 .6  x  lO"^ mol o f  AIBN-t and 0 .052 g o f  
in a c t iv e  poly-PFS was p rep a red  in  PFS monomer and p u r i f ie d  in  th e  
same way; th e  i s o la te d  polym er had an ap p a re n t a c t i v i t y  o f about 
10 dpm. S im ila r  c o n tro ls  a t  low er AIBN-t m o la r i t ie s  had p ro p o r t io n a l ly  
le s s  a c t i v i t y  in  th e  reco v e red  polym er.
M olecular W eight D e te rm in a tio n s . A H ew lett-P ackard  Model 
501 membrane osom eter was used to  m easure m o lecu la r w e ig h ts . C ond itions 
were 30°, S&S 0-8  membrane, and m ethyl i s o b u ty l  k e to n e  (MtBK) as 
so lv e n t .  M olecu lar w e ig h ts  a l s o  w ere measured by coun ting  polymer 
p rep ared  w ith  t r i t iu m - la b e le d  AIBN as  i n i t i a t o r  and by assuming th a t  
each polym er m olecule c o n ta in s  one e n t i r e  AIBN m o lecu le . The 
r a d io a c t iv e  polym er was d is so lv e d  in  8 ml o f co u n tin g  s o lu tio n  p rep a red  
by d i lu t in g  20 ml of Packard c o n c e n tra te d  s c i n t i l l a t i o n  s o lu tio n  to  
500 ml w ith  fluo robenzene  a s  a  s o lv e n t .  C ounting was done w ith  a 
Packard T ri-C arb  Model 3003 l iq u id  s c i n t i l l a t i o n  sp e c tro m e te r. 
E f f ic ie n c ie s  were determ ined  u s in g  th e  e x te rn a l  s ta n d a rd  o f t h i s  
in s tru m e n t, c a l ib r a te d  a g a in s t  acetone-quenched  s ta n d a rd s .  The
AIBN-t used was p rep a red  by D r. T.R. F isk e  u sin g  method of T h ie le
20 21 9 'and H euser, ’ and had a s p e c i f i c  a c t i v i t y  o f  3 .047 x 10 dpm/mol.
V is c o s ity  M easurem ents. V is c o s i t i e s  w ere measured a t  30° 
u sing  Cannon-Ubbelohde v isco m e te rs  and c o n c e n tra tio n s  o f 0 .0 5 -0 .0 7 g /2 5  ml
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o f MIBK. I n t r i n s i c  v i s c o s i t i e s  w ere de term ined  by e x tra p o la t io n  o f 
s p e c i f i c  v i s c o s i t i e s  to  i n f i n i t e  d i l u t i o n .  I n t r i n s i c  v i s c o s i t i e s  cou ld  
a ls o  be c a lc u la te d  u s in g  th e  fo llo w in g  e q u a tio n
[ 1+2.0811 - 1 
“  0 .75
a t  30° and i n  MIBK a s  s o lv e n t ,  w here i s  th e  polym er c o n c e n tra tio n  
in  grams p e r  100 ml o f  s o lu t io n  a t  30° and 1)^^ = ( t / t ^ )  - 1, where 
t  and t ^  a re  th e  flow  tim es fo r  s o lu t io n  and p u re  s o lv e n t ,  r e s p e c t iv e ly .
K in e t ic s . R ates o f th e rm a l (u n c a ta ly z e d )  and ca ta ly zed  
p o ly m e riz a tio n s  w ere fo llow ed  by u s in g  e i t h e r  a 10 ml d ila to m e te r  o r  
by an  ampoule te c h n iq u e . The d e n s i ty  o f  PFS was found to  1.414g/m l a t  
30°, 1 .388g/m l a t  4 6 .2 ° ,  and 1.366g/m l a t  60°. The p lo t  of % polym er 
in  monomer ( i . e . ,  % convers ion ) v s .  d e n s i ty  i s  l i n e a r  to  about 25% 
co n v e rs io n , th e  h ig h e s t  c a l i b r a t i o n  p o in t .  The d a ta  a t  60° g iv e  th e  
r e l a t i o n  % c o n v e rs io n  = (0 .1040)(%  c o n t r a c t io n ) .  T h is  r e l a t i o n  is  
s im ila r  to  t h a t  fo r  o th e r  s u b s t i tu te d  s t y r e n e s . T h e  d e n s ity  
' m easurements on polymer-monomer m ix tu re s  e x t r a p o la te  to  g ive
l.S 921g /m l f o r  the d e n s i ty  o f poly-PFS a t  100% c o n v e rs io n . The 
d e n s ity  o f  polymer was measured by p re s s in g  i t  under 90,000 p s i ,  
p la c in g  i t  in  a  pycnom eter which was th e n  f i l l e d  w ith  mercury and 
heated  to  120° fo r  3 h r ,  co o led , a g a in  f i l l e d  w ith  m ercury and heated 
to  60°. The ex p erim en ta l v a lu e  f o r  th e  polym er d e n s i ty  by th i s  
procedure  i s  1 .5499g /m l. T h is  d e n s i ty  o f  s o l id  polym er ^is about 2.6% 
le s s  th a n  th a t  c a lc u la te d  f o r  an i n f i n i t e l y  c o n c e n tra te d  s o lu t io n  o f 
polymer i n  i t s  wm monomer. S im ila r  beh av io r has been re p o rte d  fo r
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s ty r e n e .
S o l u b i l i t y . Poly-PFS i s  sou b le  in  m ethyl e th y l  ketone 
(MEK), MIBK, THF, e th y l  a c e ta te ,  e th y l  p ro p io n a te ,  fluorobenzene^  
b e n z o t r i f lu o r id e ,  h ex a flu o ro b en zen e ; s lo w ly  s o lu b le  o r  s l i g h t l y  
so lu b le  in  p y r id in e ,  a c e to n e , m ethyl iso p ro p y l k e to n e , m ethyl a c e ta t e ,  
b e n z o n i t r i l e ,  ch lo ro b en zen e , and ace tophenone; and in s o lu b le  in  
benzene, to lu e n e , e th y lb e n z e n e , cumene, brom obenzene, iodobenzene, 
carbon t e t r a c h l o r i d e ,  ch lo ro fo rm , carbon  d i s u l f i d e ,  m ethano l, e th a n o l,  
e th e r ,  t e t r a l i n ,  d io x a n e , d e c a l in ,  cy c lohexane , hexane, h ep tan e , 
o -d ic h lo ro b e n z e n e , b en zy l a lc o h o l ,  phenyl e th e r ,  m ethyl b en zo a te , 
e th y l  b e n z o a te , benzophenone, a n is o le ,  N ,N -diraethylform am ide (DMF), 
e th y le n e  g ly c o l ,  a n i l i n e ,  n it ro b e n z e n e , £ - c h lo r o a n is o le ,  bromo- 
cyclohexane and b e n z o t r ic h lo r id e .
D e te rm in a tio n  of A bso lu te  Rate C o n s ta n ts . R ad ical l i f e t im e s  
were m easured by th e  r o t a t i n g  s e c to r  t e c h n i q u e . T h e  s e t-u p  was 
a s  fo llo w s : The r e a c t io n  c e l l  was i r r a d i a t e d  by th e  l i g h t  fro m 'a
100-w att G eneral E l e c t r i c  U l t r a v io le t  M ercury Q uartz  lamp w ith  a 
U.V. t r a n s m it t in g  f i l t e r  (C orning O.S. 0-52) to  g iv e  maximum 
tra n s m itta n c e  a t  366 mp. The l ig h t  was c o llim a te d  by th re e  le n se s  
to  produce a p a r a l l e l  beam th rough  th e  r e a c t io n  c e l l  i n  a 30°C b a th . 
Two 60° s e c to r s  ( r  = 2) w ere cu t from  a d is c  made from  a b lackened  
s h e e t o f aluminum. T h is  d is c  was d r iv e n  by  a Bodine synchronous 
motor th ro u g h  a s e t  o f  g e a rs  w hich could  be v a r ie d  so as to  g ive  
r o ta t io n  speeds ran g in g  from  60 to  0 .06  r .p .m . The l i g h t  i n t e n s i ty  
was p r a c t i c a l l y  c o n s ta n t th roughou t th e  experim en t s in c e  a check o f
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th e  p l o t  o f  th e  r a t e  v s .  th e  sq u are  ro o t  o f  th e  s e n s i t i z e r  c o n c e n tra tio n  
(E q.20) alw ays g ive an  e x c e l le n t  l i n e a r  r e la t io n s h ip  (See Appendix I ) .  
A z o c y c lo h e x a n e c a rb o n itr ile  (ACHN), pu rchased  from  K och-Light L a b o ra to r ie s  
L td . o f  E ngland, was r e c r y s t a l l i z e d  tw ice  from  m ethanol and m elted  a t  
114-115°. AIBN was p u r i f i e d  by th e  same p ro ced u re  and m elted  a t  
103-104°. In  a l l  ru n s ,  ACHN was used as  a p h o to s e n s i t iz e r  w hereas 
AIBN was used as an i n i t i a t o r  f o r  a l l  th e rm al (dark ) ru n s .  The 
r e a c t io n  was fo llow ed w ith  a 10 ml d i la to m e te r ,  and th e  d e n s i t ie s  
o f  poly-PFS-monomer s o lu t io n s  w ere determ ined  a t  30°C w ith  a pycnom eter. 
The d a ta  o f 30° g ive  th e  r e l a t i o n :  % co n v ers io n  = (0 .0950) (% con­
t r a c t io n )  .
The therm al r a t e  of p o ly m e riz a tio n  i n  th e  dark  was measured
i n  each  run , and the  tre a tm e n t a llo w in g  fo r  th e rm al r a te ^ ^  was
employed in  th e  c a lc u la t io n  o f r a d ic a l  l i f e t im e ,  t * The r a t e s  of
i n i t i a t i o n  w ere c a lc u la te d  from  th e  r a t e s  m easured d i l a to m e t r ic a l ly ,
2 2and v a lu e s  o f § = 2k^/kp were o b ta in ed  from  ru n s  w ith  AIBN a s
i n i t i a t o r .
DPPH Scavenging E xperim en ts . In  experim en ts i n  which th e  
d isap p ea ran ce  of d ip h e n y lp ic ry lh y d ra z y l (DPPH) was fo llow ed by 
a b so rp tio n  m easurem ents, th e  r e a c t io n  v e s s e ls  w ere c e l l s  which w ere 
o p t i c a l l y  matched a t  520 mp,, and the  change in  a b so rp tio n  was fo llow ed 
a t  t h i s  w aveleng th  w ith  a  Beckman DK S p ectropho tom eter. The DPPH 
c o n c e n tra tio n s  used w ere 9.79 x  10 ^M. An e l e c t r i c a l l y  h ea ted  c e l l  
h o ld e r  was u sed , and th e  tem p era tu re  was re g u la te d  to  w ith in  ±1° 
d u rin g  th e  r e a c t io n  t im e s .
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I I .  RESULTS AND DISCUSSION
Thermal P o ly m e riz a tio n  o f PFS In  Bulk a t  D if fe re n t  T em peratures. 
The p u r i f i e d  monomer gave re p ro d u c ib le  r a t e s  o f  u n in i t i a te d  p o ly m eriza tio n  
in  th e  dark  a t  d i f f e r e n t  te m p e ra tu re s . T able 1 g iv e s  th e  d a ta .  An
A rrhen ius p lo t  o f  lo g  R^ a g a in t s t  l /T  shows a good l in e a r  r e la t io n s h ip
(F ig u re  1 ) ,  and th e  th e rm al r a te  o f  PFS, th e r e f o r e ,  can be ex p ressed  by 
th e  fo llo w in g  e q u a tio n :
Bp th (% /h r)  = (2 .3 7 x lO * )e x p (-1 6 ,8 0 0 /E T )
29For the rm al p o ly m e riz a tio n  o f s ty re n e , th e  e q u a tio n  i s :
Rp th (% /h r)  = (3 .5 5 x l0 ^ b e x p (-1 9 ,1 0 0 /R T )
F ig u re  2 i s  a p lo t  o f  log  a g a in s t  lo g  R^ u sing  th e  d a ta
from Table 1. I t  can  be seen  th a t  th e re  i s  a good re c ip ro c a l  r e l a t i o n
e x i s t in g  between r a t e  and m olecu lar w eig h t fo r  PFS therm al p o ly m e riz a tio n . 
T h is i s ,  o f  co u rse , an  ev idence fo r  th e  v a l i d i t y  o f E quation  13 in  t h i s
29cp a r t i c u l a r  p o ly m e riz a tio n . This o b e rs e rv a t io n  i s  tru e  fo r  s ty re n e  a ls o .
An E quation  r e l a t i n g  P to  tem p era tu re  may be d e riv e d  from E quation  1 1 :^ ^ ’^^®
•dPMl/dT ______________P = d [P ]/d T
In  th e  absence o f i n i t i a t o r ,  by assum ing ch a in  t r a n s f e r  r e a c tio n s  a re
-E /rt ^1 i
n e g l ig ib le ,  and by in tro d u c in g  k = Ae and [M-] =[ô t ] where
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= k^(M)* w ith  a a  c o n s ta n t ,  i t  i s  shown th a t
dlnP
- a - S  .  (Ep-E;/2 .  El th /2)/R l2 (46)
I f ,  on th e  o th e r  hand, t r a n s f e r  r e a c t io n s  a re  c o n t ro l l in g  the  m olecu lar
57ew eig h t, th e  fo llo w in g  e q u a tio n  i s  o b ta in e d ;
dlnP„ _
—  =  < « >
where ^  i s  th e  a c t iv a t io n  energy  f o r  cha in  t r a n s f e r  to  monomer;
Ej., te rm in a t io n ;  E^, p ro p a g a tio n ; and E^ therm al i n i t i a t i o n .  In  
th e  therm al p o ly m e riz a tio n  o f PFS, as can be seen  from F ig u re  3, a p lo t  
o f log  P v s  l /T  does g ive  a good l in e a r  r e la t io n s h ip  which i s  expected 
from b o th  E quations 46 and 47.
M olecu lar W eight D e te rm in a tio n s . The p o ly m eriza tio n  of PFS 
was c a r r ie d  o u t under a number o f  ex p erim en ta l c o n d itio n s  (therm al 
and c a ta ly z e d )  as shown in  T ab les  1 to  3 . The m olecu lar w eight o f 
th e  i s o la te d  polym ers was determ ined  by osmometry and by coun ting  
polymer p rep a red  in  th e  p resen ce  o f  t r i t iu m - la b e le d  AIBN (AIBN- H) 
assum ing th a t  te rm in a tio n  i s  e n t i r e ly  by com bination ( i . £ . , one mole 
of i n i t i a t o r  i s  in c o rp o ra te d  in to  each mole o f po lym er). F ig u re  4 
shows th e  r e la t io n s h ip  between th e  num ber-average m o lecu la r w eig h t, M ,̂ 
and th e  i n t r i n s i c  v i s c o s i ty .  The agreem ent between two methods (see  
F ig u re  4) shows th a t  te rm in a tio n  i s  e n t i r e ly  by com bination w ith in  
the  accu racy  o f  the  m o lecu la r w eigh t m easurem ents. The l in e  shown in


























Therm al P o ly m e riz a tio n  of PFS i n  Bulk a t  D if f e r e n t  T em peratures
°c Hours 7o Conv. * p . th  Ï
_4*P X 10 a .  2  i o - « ' l /T  X 10^ [M f
gf
Bp a  10
129 8 .5 16.9 199 3 .02 1.97 3 .82 2 .49 6.47 35 .8
129 8 .5 15 .5 182 3 .15 2.09 4 .0 6 2.49 6.47 32.7
119 5 4 .55 91 .2 ------ — — — — 2.55 6 .55 16.6
100 24 9.71 4 0 .4 4 .8 2 3 .69 7 .16 2 .68 6 .70 7 .5 2
100 1 7 .4 8 .83 50.7 3 .78 2 .68 5 .18 2 .68 6 .70 9 .4 4
100 19 .5 5 .68 29 .1 4 .25 3.13 6 .0 8 2 .68 6 .70 5 .4 2
80 100.8 6.88 6 .82 6 .58 5 .68 11.02 2 .83 6.87 1 .30
80 48 2 .98 6.21 5.79 4 .76 9 .2 4 2 .83 6.87 1.19
60 160 4 .8 2 3 .01 5 .9 4 4 .95 9 .8 4 3 .00 7 .0 4 0.589
60 160 4 .5 0 2.81 7 .23 6.45 12.52 3 .00 7 .0 4 0.570
-o ^Thermal r a t e s  i n  % p e r  h o u r.
^ I n t r i n s i c  v i s c o s i t i e s  m easured i n  MIBK a t  30°. 
^ C a lcu la ted  by u s in g  E q u a tio n  48.
%  = (1 9 4 .1)P .
e n
Monomer c o n c e n tra tio n  c a lc u la te d  from  d e n s i ty  m easurem ents, i n  m o le /1 . ^
f  -1Therm al r a t e s  in  M se c  .
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F ig u re  1 . A rrhen ius P lo t  fo r  Thermal P o ly m e riza tio n  of PFS in  Bulk.






F ig u re  2. P lo t  o f  log v s .  log  fo r  Thermal P o ly m e riz a tio n
o f  PFS in  Bulk.
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l / T  H O '
3.0
F ig u re  3 . P lo t  o f  log  P v s .  l / T  f o r  Therm al P o ly m e riz a tio n  o f PFS 
in  B ulk, D otted  l i n e  shows th e  co rresp o n d in g  p lo t  f o r  
s ty re n e  and w ith  P c a lc u la te d  from  T able 3-1 o f R ef.12a .


































[A IB N -\]
2
X 10^
T im e,hr 
( a t  60°)
Convn.
%
Dpm in  Polymer 
c o rre c te d ^
Moles M 
X 10^^
Moles I  
yc 
X  lO '
c d  •
M X 10° n — ["%]*
4 .57 1 .5 15.1 970 2.65 3 .16 1 .63 0 .31
2 .7 4 3 .6 26 .2 909 2.99 2.96 1 .96 0 .37
1 .83 4 19.9 567 2.57 1 .86 2.68 0 .39
1.37 5 25 .7 567 2 .6 0 1.85 2 .7 4 0 .45
0.915 5 .5 21 .3 472 2 .78 1.55 3.47 0 .47
0.457 9 27.7 385 3 .72 1 .25 5.77 0 .69
0.366 11 27 .6 343 4 .17 1 .12 7 .26 0 .83
0.229 14 26 .9 201 2 .76 0.660 8.11 0.95
0.137 17 24.7 230 4 .28 0.747 11 .1 1 .1 4
0.0915 18 .1 22 .3 129 2 .5 4 0.423 11 .7 1 .42
0.0457 22 20 .3 111 4 .8 4 0.364 25 .8 1 .78
^ C o rrec ted  dpm i n  polym er = (dpm i n  polym er m easured)/84%, w here dpm i n  polym er = (cpm observed  x  100 )/ 
% e f f ic ie n c y .
^Moles M = (gm, polym er used f o r  c o u n tin g ) /1 9 4 .1 .
'i lo le s  I  = (dpm i n  polym er c o r r e c te d ) /s p .  a c t i v i t y  o f AIBN-\x. S p e c if ic  a c t i v i t y  o f  AIBN-^H i s
3 .047  X 10^ dpm/mole.
= (1 9 4 .1 ) (m oles M )/(m oles I ) .





E :  0 . 6
î l i  0 . 5  




l o g  ( M ^ )  -  5
F ig u re  4 . I n t r i n s i c  V isc o s ity  i n  MIBK a t  30 fo r  Poly-PFS v s .  M olecular 
W eight; o  D ata o b ta in e d  by osmometry; D D ata ob ta ined  
u s in g  t r i t i a t e d  AIBN and assum ing th a t  te rm in a tio n  i s  e n t i r e ly  
by com bination .
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F ig u re  4 y ie ld s  th e  e q u a tio n s
[Tl] = 4 .37  X M o r ,  & = 8 .5 0  x  IG^CT)]^*^^ (48)
M ethyl is o b u ty l  ketone (MIBK) i s  n e a r ly  a  0 s o lv e n t a t  30° fo r  poly-PFS
and i s  conven ien t f o r  osmometry and v i s c o s i t y  m easurem ents. The
num ber-average degree  o f  p o ly m e riz a tio n , P ^ , o f  poly-PFS i s  h ig h e r
th a n  th a t  o f  p o ly s ty re n e  by about th re e  tim es a t  60° to  about 13 tim es
a t  129° ( s e e  F igu re  3 ) .  T his o b se rv a tio n  can  be ex p la in ed  i f  th e
ch a in  t r a n s f e r  to  monomer fo r  PFS i s  o f  m inor im portance in  the ch a in  
45te rm in a tio n  s te p .
The P o ly m e riza tio n  o f  PFS I n i t i a t e d  by AIBN a t  D if fe re n t
T em pera tu res. T ab les 3 , 4 and 5 g ive  d a ta  f o r  th e  A IB N -in itia ted
p o ly m e riz a tio n  o f PFS a t  60°, 30° and 40°C, r e s p e c t iv e ly .  F ig u re s  5,
7 and 9 show th e se  d a ta  p lo t te d  in  th e  form  o f E quation  10; the
. 2
s lo p e s  o f  th e  l in e s  y ie ld  v a lu e s  of 2k ^ f / 6  ( s e e  th e  second column o f
T able 6) .  F ig u re s  8 and 10 shcn7 th e  d a ta  a t  30° and 40° p lo t te d  in
th e  form  of E quation  13; th e  s lo p e s  o f th e  l i n e s  y ie ld  v a lu es  o f 
2 2 26 /2[M ] , and v a lu e s  o f 6 can be c a lc u la te d  u s in g  known v a lu es  o f
2[M]. The v a lu es  o f Ô c a lc u la te d  in  t h i s  way a re  g iven  in  Table 7 fo r  
30° and 40°. An a l t e r n a t e  way to  c a lc u la te  6^ i s  p rov ided  by the  
s o -c a l le d  m olecu lar w e i g h t . S i n c e  te rm in a t io n  i s  by com bination , 
th e  k in e t i c  chain  le n g th ,  v, e q u a ls ,P /2 , and s in c e  v = Rp/R^^^
R^ = 2Rp/P = 2 k j f [ I ]  (49)
The d a ta  in  Table 3 can be p lo t te d  in  th e  form  2Rp/P v s .  [AIBN] and
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
33
th e  r e s u l t  i s  a  s t r a i g h t  l in e  w ith  a  s lo p e  eq u a l to  2k ^ f .  f o r  
e x a n ç le , i n  p u re  PFS, th e  s lo p e  g iv e s  = 11 ,8  x  10"^[AIBN] secT ^.
I f  th e  v a lu e  o f  1 .13  x  10 ^ sec  ^ i s  ta k en  f o r  a t  60°,^^  th e n  a 
v a lu e  o f  f  f o r  AIBN can be c a lc u la te d  from  th e se  s lo p e s ;  f o r  e x a n p le , 
in  p u re  PFS, f  i s  found to  be 0 .5 2 . T h is i s  i n  s a t i s f a c to r y  agreem ent 
w ith  o th e r  v a lu e s  in  th e  l i t e r a t u r e ;  fo r  exam ple, th e  f  v a lu e  o f  AIBN 
i n  p - f lu o ro s ty r e n e ,  o b ta in e d  by in h i b i to r  m ethod, i s  0 .5 5 .^ ^  T able 6 
g iv e s  v a lu e s  o f  f  fo r  AIBN c a lc u la te d  by t h i s  method f o r  m ix tu res  o f
PFS and a number o f s o lv e n ts .  By u sing  th e se  v a lu e s  of f ,  and the
37 2l i t e r a t u r e  v a lu e  o f  k ^ , a p p a re n t v a lu e s  o f  5 can be c a lc u la te d .
These d a ta  a re  shotvn in  th e  l a s t  column o f T able 6 . The s o lv e n t
dependence o f 5^ i s  q u i te  c l e a r ly  observed f o r  PFS a s  w e ll as s ty re n e .
In  th e  absence o f s o lv e n t ,  i f  th e  % p o ly m e riz a tio n  i s  low.
E quation  13 may be s im p l if ie d  as
I f  C j i s  no t n e g l ig ib le ,  a  p lo t  o f  (P x Rp) ^ v s .  should g iv e  
a  s t r a i g h t  l i n e  w ith  a s lo p e  equ a l to  {C^ + T his r e la t io n s h ip
can be e a s i l y  seen from a  tra n s fo rm a tio n  o f E quation  50;
F ig u re  6 i s  a graph  of E q u a tio n  50a fo r  th e  p o ly m e riz a tio n  o f  PFS 
i n i t i a t e d  by AIBN by u s in g  th e  d a ta  in  T able 3 . A s t r a i g h t  l in e
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r e la t io n s h ip  i s  ob serv ed . L e a s t sq u a re  tre a tm e n t y ie ld s  s lo p e  = -4 .5 4  x  
10 in t e r c e p t  = 6 .5 6 . S ince a  n e g a tiv e  s lo p e  i s  n o t allow ed by th e o ry , 
i t  i s  concluded th a t  th e  s lo p e  i s  e s s e n t i a l ly  eq u a l to  ze ro  w ith in  th e
V
l im i t s  o f  th e  ex p e rim en ta l e r r o r .  (The s tan d ard  d e v ia t io n  in  th e  s lo p e
i s  US,56 X 10 ^ and in  th e  in t e r c e p t  i s  ±2.61 x  10 The p ro b ab le  e r r o r
in  th e  s lo p e  i s  4 .4 2  x 10 ^ and i n  th e  In te rc e p t  i s  1 .76  x lO’ ^ . The
maximum s lo p e  allow ed i s  2 x  lO "^. I f  Cj = 0 , th e n  i s  rutO tim es
sm a lle r  th a n  th a t  o f s ty r e n e ) . T h is  means th a t  b o th  and Cj. must be
zero  a l s o .  I n  c o n t r a s t  w ith  PFS, s ty re n e  has a  o f 8 x lO"^ a t  6 0 ° .^ ^
2 2I f  th e  r a t e  c o n s ta n ts  in  ô = k p /(2 k ^ )  a re  ex p ressed  in  term s o f
57cA rrhen ius ty p e  e q u a tio n s , th e n  we o b ta in ;
k p /(2 k ^ ) = (A ^ /A ^ )e " (^ V ^ t) /K D  (51)
where A^, A^ a re  th e  c o l l i s i o n  freq u en cy  f a c to r s  f o r  p ro p ag a tio n  and 
te rm in a t io n , r e s p e c t iv e ly ,  and E^, E^ a re  th e  energy  o f a c t iv a t io n  f o r
p ro p ag a tio n  and te rm in a t io n , r e s p e c t iv e ly .  By p l o t t i n g  log ( l / g  )
2 / « 
a g a in s t  l /T ,  2E -E. and A /A_ can b e  e v a lu a te d . Such a  p lo t  fo rP t  p t
A IB N -in itia te d  p o ly m e riz a tio n  o f  PFS i s  shown in  F ig u re  11 u sing  th e
d a ta  in  T ab les  6 and 7. An e x c e l le n t  l in e a r  r e la t io n s h ip  i s  observed
2
in d ic a t in g  th a t  th e  two methods employed in  th e  c a lc u la  t io n  o f 6 a re
s e l f - c o n s i s t e n t .  The fo llo w in g  e q u a tio n  i s  o b ta in ed  from  th e  l e a s t
squares f i t :
1 /6^  = 4 .01  X 10^ e x p (- ll ,3 0 0 /R T )  (52) .
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52Tobolsky and O ffenbach o b ta in e d  th e  co rresp o n d in g  e q u a tio n  fo r
s ty re n e :
l / ô ^  = 1 .74  X 10^ ex p (-1 2 ,7 4 0 /R I) (53 )
S ince  In  an  I n i t i a t e d  p o ly m e riz a tio n , Rp I s  p ro p o r t io n a l  to
(se e  E quation  1 0 ) , th e  observed  o v e r - a l l  a c t i v a t io n  en e rg y , E, can be
shown^®*^^*^ to  be
E = (Ep -  Ej./2) + E j/2  (54)
w here E^, th e  a c t i v a t io n  energy  f o r  spon taneous decom position  of th e
53I n i t i a t o r ,  I s  ab o u t 30 k c a l/m o le  fo r  AIBN o r  benzoyl p e ro x id e . From
11 3E quation  52 , E^ -  E^/2 = — = 5 .6  k c a l/m o le , and th e  o v e r - a l l  a c t iv a t io n
energy  f o r  A IB N -ln ltla te d  p o ly m e riz a tio n  o f PFS I s  th e re fo re  
30E = 5 .6  + ~  = 2 0 .6  k c a l/m o le . T his v a lu e  co rresp o n d s  to  a  two- to  
th r e e - f o ld  In c re a s e  In  r a t e  f o r  a  10°C te m p era tu re  change. The 
co rresp o n d in g  v a lu e  o f  E fo r  s ty re n e  I s  2 1 .4  k c a l/m o le . Many o th e r  
p o ly m e riz a tio n  r e a c t io n s  have E o f 20-21 k c a l/m o le . Note t h a t  E q u a tio n  
52 r e f e r s  on ly  t o  th e  r a t i o  o f  r a t e  c o n s ta n ts  k ^ /(2 k ^ ) and does no t 
In c lu d e  th e  e f f e c t  of te m p e ra tu re  on th e  r a t e  o f  I n i t i a t i o n .  In  
p h o to -p o ly m e rlz a tlo n , w here th e  r a t e  o f  I n i t i a t i o n  i s  Independent o f  
te m p e ra tu re . E quation  52 r e p re s e n ts  th e  com plete a c t iv a t io n  en erg y .
The v a lu e  of l / g  = k p / (2 k ^ )^ '^  g iv e s  th e  p o ly m e r iz a b ll l ty  o f 
the  monomer. Comparable v a lu e s  a t  60° a re  PFS, 0 .0385 ; s ty re n e ,
0 .0 3 3 3 ; m ethyl m e th ac ry la te ,^®  0 .1 4 7 ; v in y l  a c e t a t e , 0. 430.  A 
com parison between th e  r e a c t i v i t i e s  o f poly-PFS and p o ly s ty ry l  r a d ic a l s  
w i l l  be g iven  a f t e r  th e  s e c t io n  on a b so lu te  r a t e  c o n s ta n ts .



































The P o ly m er iza tio n  o f  PFS I n i t ia t e d  by AIBN a t  60^
T h ird  S o lven t* CM]^
[AIBN]
X 10^
[M ][I]° 'S T im e,h r 






None 6.69 185 0.910 3 17 .6 1 2 .0 12 .0 0 .37 8 .8 0
None 6 .4 4 92 .5 0.617 6 24 .3 8 .25 8 .25 0.42 7 .43
None 6.36 37 .0 0.385 11 26 .5 4 .91 4 .9 1 0.75 3.37
None 6.42 9 .2 4 0.194 20 24 .9 2 .53 2 .53 1.38 1.47
None 6 .60 1 .85 0.0898 42 20 .0 0.971 0.970 2.69 0 .594
None 7 .00 185 0.952 1. 5 9 .20 12 .5 12 .5 0 .40 7 .92
None 7 .01 92 .5 0.674 2 8 .8 4 8.99 8.99 0.49 5 .9 4
None 7 .0 3 37 .0 0.427 3 8 .22 5 .5 8 5 .5 8
None 7 .10 9.25 0.216 5 6 .44 2 .62 2 .62
F luorobenzene 3 .56 502 0.799 1 5 .46  . 5 .55 5 .55
F luorobenzene 3 .36 185 0.457 5 16 .6 3 .38 3 .38 0 .24 15 .8
F luorobenzene 3 .21 92 .5 0.309 10 24 .5 2 .49 2 .4 9
F luorobenzene 3 .09 37 .0 0.188 9 31 .2 1 .66 1 .66 0 .42 7 .4 3
F luorobenzene 3.40 9 .2 4 0.103 24 14 .6 0.621 0.618 0.83 2 .9 4
THF 3.28 660 0.894 0,.5 9.91 10.1 10 .1
THF 3.19 177 0.425 5 25 .8 5 .26 5.26 0.28 12 .9




























T h ird  S o lv en t^  [M]^ [AIBN]
X 10^
[M ][I]°* ^ T im e,hr 





Rp X lo fd 10^/P
THF 3.30 9 .2 4 0.100 20 19.9 1 .01 1 .01 0.57 4 .8 9
THF 3.27 3.70 0.0629 30 21 .6 0.731 0.728 0.63 4 .2 8
THF 3.35 1.85 0.0455 40 17 .0 0.432 0.428 0 .7 0 3 .7 0
P y r id in e 3 .03 531 0.703 3 3 4 .4 11.7 11.7
P y r id in e 3 .19 531 0.735 3 25.9 8 .80 8 .80
P y r id in e 3 .09 177 0.411 6 31 .2 5 .41 5 .41
P y r id in e 3 .30 8 8 .4 0.310 4 19 .6 4 .99 4 .99
P y r id in e 3 .4 4 9 .2 4 0.104 20 12 .1 0 .614 0.611
P y r id in e 3 .37 1 .85 0.0458 40 15.9 0.405 0.401
Q .  ^ S o lu tio n s  c o n s is t  o f  PFS and AIBN p lu s  th e  th i r d  component l i s t e d .  S o lv en ts  a re  50% by volum e.
5  ,^PFS in  moles p e r  l i t e r ~ - t h e  m o la r i t ie s  shown a r e  average  m o la r i t ie s  w hich have been c o r re c te d  f o r
c % co n v e rs io n .
■D C “1% Observed r a t e  o f  p o ly m e riz a tio n  in  M sec  •



































The P o ly m er iza tio n  o f  PFS I n i t ia t e d  by AIBN a t  30^
T hird  S o lven t* [AIBN]X 104
T im e,hr 




Rp X 10^ [TÜ l o V
None 177 0.968 7 .5  ' 3 .5 0 0 .950 0 .74 3 .42
None 177 0.968 9 5 .06 1 .1 4 0.67 3 .9 0
None 44 .2 0 .484 13 3 .13 0.490 1.29 1 .61
None 17.7 0.303 13 2 .29 0.358 — — — — — — — —
Fluorobenzene 177 0 .484 8 3 .56 0.453 0 .45 6 .75
F luorobenzene 177 0 .484 8 4 .62 0.588 0.37 8 .95
F luorobenzene 4 4 .2 0 .242 14 .5 4 .13 0 .289 0.59 4 .67
F luorobenzene 17.7 0 .153 20 .5 5 .16 0.256 0 .96 2 .41
B e n z o n i tr i le 177 0 .484 8 6 .66 0.847 0 .60 4 .67
B e n z o n itr i le 8 8 .4 0.342 11 7.29 0 .674 0 .64 4 .18
B e n z o n itr i le 4 4 .2 0.242 14 .5 4 .8 5  . 0 .340 1.29 1.62
B e n z o n i tr i le 17 .7 0.153 20.5 5 .5 4 0.275 1.65 1.15
B e n z o tr if lu o r id e 177 0 .484 8 . 6 .00 0.763 0.30 12 .0
B e n z o tr if lu o r id e 8 8 .4 0.342 11 4 .7 5 0.439 0.43 7 .1 4











§ F o o tn o te s  t o  T ab le 4
0
m ^ S o lu tio n s  c o n s is t  o f  PFS and AIBN p lu s  th e  th i r d  component l i s t e d .  S o lv e n ts  a re  50% by volum e,
§ i . e . ,  [M] = 3 .6 4  M f o r  a l l  50 :50  m ix tu re s .
^  bcQ C o rrec ted  f o r  th e rm al p o ly m e riz a tio n  r a t e .





















o®The P o ly m e riz a tio n  o f  PFS I n i t i a t e d  by AIBN a t  40
[AIBN]
X 10^
T im e,hr 
( a t  40°)
Convn.
%
Bp 2  10^ w 10^/P
177 0.958 3 .5 4 .78 2 .78 0 .48 6.28
177 0.958 3 4 .4 8 3 .04 - - - - - - - -
8 8 .4 0.677 5 5 .0 6 2.06 0 ,65 4 .1 4
4 4 .2 0.479 7 4 .3 8 1.27 0 .9 4 2.49
17.7 0.303 9 3.45 0.779 1.61 1.19
*See fo o tn o te s  under T able 3 .
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Table 6
The P o ly m e r iz a tio n  o f  PFS I n i t ia t e d  by AIBN a t  60°
S o lven t* 2 gb(2 k ^ f/6  ) X 10® fC
A pparent
6 2 '
None 1 .74 0.52 675
F luorobenzene 0.548 0.25® 1030®
THF 1.42 0.28® 446®
P y rid in e 1 .74
S ty rene 0.55^
MMÀ 0.50®
^S o lv en ts  a r e  50% by volum e.
^ C a lcu la ted  from  th e  s lo p e s  o f  graphs l ik e  F ig u re  5.
c ~ 5C a lc u la te d  from p lo t s  o f E quation  49 and th e  v a lu e  1 .13  x 10 f o r  k^.
^ C a lc u la te d  from  column 2 and 3.
^C o rrec ted  f o r  ch a in  t r a n s f e r  and h ig h  c o n v e rs io n .
^ C a lcu la ted  from  th e  e q u a tio n  = 2R p(l/P  -  C ^), where Cjj i s  th e  
average o f  th e  t r a n s f e r  c o n s ta n ts  fo r  s ty re n e  and PFS; i . £ . , 4 x 10 
V alues o f  P were m easured fo r  th e  copolymer by osmometry and th e  same 
te ch n iq u e  a s  d e sc r ib e d  in  th e  E xperim ental S e c tio n  f o r  Poly-PFS.
^ C a lcu la ted  by assum ing te rm in a tio n  occurs 50% by com bination .
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T able 7
The P o ly m e riz a tio n  o f  PFS I n i t i a t e d  by AIBN a t  30° and 40°




B e n z o n i tr i le 1530
B e n z o tr i f lu o r id e 4160
^ S o lv e n ts  a re  50% by volume.
^ C a lc u la te d  from  th e  s lo p es  o f  F ig u re  8 and 10.










0.2 0.4 0.6 0.8
F ig u re  5. Graph o f  E quation  10 fo r  the  A IB N -In itia te d  P o ly m e riza tio n  
of PFS a t  60°. S o lv en ts  (50% by volume) a re  coded as 
fo llo w s : •  , None; ▲ , THF; B , F lu o robenzene . Data
fo r  P y r id in e  as S o lv en t a re  no t shown; they  l i e  v e ry  n ear 
th e  L ine fo r  Pure PFS.




-  -1  -1F ig u re  6. Graph o f (P x R^) v s .  Ep f o r  th e  P o ly m e riza tio n  o f
PFS I n i t i a t e d  by AIBN ( « ) ,  and by AIBN-^H ( A ) ,  60°.




C M 3 C I ] ® ®
F ig u re  7 . Graph o f E quation  10 fo r  the A IB N -In itia ted  P o ly m e riza tio n  
o f  PFS a t  30°. S o lv en ts  (50% by volum e) a re  coded as  
fo llo w s : O , None; A , F lu o ro b en zen e ; 13, B e n z o tr if lu o r id e ;  
^  , B e n z o n itr i le .




F ig u re  8 . Graph o f  E quation  13 fo r  the A IB N -In itia ted  P o ly m eriza tio n  
o f PFS a t  30°. Solvents (50% by volume) a r e  coded as 
fo llo w s ; O ,  None; A , F luorobenzene; D ,  B e n z o tr if lu o r id e ;  
^  , B e n z o n i tr i le .





F ig u re  9. Graph of E q u a tio n  10 fo r  th e  A IB N -In itia ted  P o ly m e riza tio n  
o f PFS a t  40°.





F ig u re  10. Graph o f E q u a tio n  13 fo r  the A IB N -In itia ted  P o ly m e riza tio n
o f PFS a t  40 .




F ig u re  11. Graph of lo g  (1 /6  ) v s .  l /T  fo r  th e  A IB N -In itia ted  
P o ly m e riza tio n  o f  PFS in  Bulk.
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D ata on th e  Thermal P o ly m e riz a tio n  o f  PFS in  S o lv en ts  a t
6 0 ° .
T ra n s fe r  C o n stan ts  in  Thermal P o ly m e riz a tio n . Thermal 
p o ly e rm iz a tio n  o f  PFS was c a r r ie d  o u t in  a  number o f s o lv e n ts  i n  w hich 
poly-PFS i s  s o lu b le .  T able  8 g iv e s  th e  d a ta  o b ta in e d . In  a d d i t io n ,  
t r a n s f e r  to  some n o n -so lv e n ts  such a s  to lu e n e  and benzene was s tu d ie d  
u s in g  THE a n d /o r  flu o ro b en zen e  a s  a c o s o lv e n t, and th é  r e s u l t s  a re
'  55
shown in  T able 9 . E q u a tio n  55 was used to  c a lc u la te  t r a n s f e r  c o n s ta n ts  
in  th e  p resen ce  o f  a co so lv e n t such as THF.
2[M]‘
The term s due to  t r a n s f e r  to  PFS monomer, 0^ , and to  AIBN, C j[ l ] / [M ] ,  
have been tak en  a s  ap p ro x im ate ly  z e ro  and S i s  a v a r ia b le  s o lv e n t .  
Comparable d a ta  f o r  s ty re n e  f o r  th e  s o lv e n ts  THF, m ethyl is o b u ty i  ketone 
(MIBK), m ethyl iso p ro p y l k e to n e  (MIPK), f lu o ro b en z en e , b e n z o n i t r i l e ,  
b e n z o t r i f lu o r id e ,  and hexafluo robenzene w ere a ls o  o b ta in ed  a s  shown in  
T ab le  10. I t  shou ld  be no ted  t l ia t  in  some case s  th e  sam ples were 
p rep a red  in  th e  a i r  and th e  Rg/E^ r a t i o s  a r e  l a rg e r  th an  5 where
= Ep [M]^ and [M] a re  the  m olar c o n c e n tra tio n s  o f pure
monomer and d i lu te d  monomer and i s  th e  observed  r a te  o f  p o ly m e riz a tio n .
I t  i s  n ece ssa ry  to  p lo t   R^ -  C } a g a in s t  [S ]/[M ] in  o rd e r  to
r  2 [ n f  ^  “  56
o b ta in  th e  c o r r e c t  v a lu e s  o f  Cg f o r  th e se  sy stem s. In  th e  cases  where
Rp/R^ i s  sm a lle r  th an  5, th e  Mayo p lo t  o f  l / P  v s .  [S]/[M ] g iv e s  th e
c o r r e c t  v a lu e s  o f  Cg. F ig u re s  12-15 show p lo t s  o f  E quation  55 in  th e
form  n ece ssa ry  to  determ ine th e  t r a n s f e r  c o n s ta n ts .  Table 11 compares
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th e  t r a n s f e r  c o n s ta n ts  f o r  PFS w ith  d a ta  fo r  s ty re n e .  As T ab le  11 
shows, p lo t s  l i k e  F ig u re  13 and 14, which a re  c o r re c te d  fo r  enhanced 
r a te s  o f  p o ly m e r iz a tio n ,^ ^  gave th e  same t r a n s f e r  c o n s ta n t as  d id  th e  
normal Mayo p l o t  f o r  a l l  t r a n s f e r  agen ts  ex c e p t MIBK.
S e l e c t i v i t y .  The d a ta  o f  T able 11 show th a t  th e  r a d ic a l  
from  PFS i s  ap p ro x im ate ly  as  s e le c t iv e  tow ard b e n z y lic  hydrogens a s  i s  
th e  polystyxyl r a d i c a l .  The r e a c t i v i t y  o f  p rim ary - s e c o n d a r y - te r t ia r y  
hydrogens (p e r  hydrogen) in  th e  s e r ie s  to lu en e-e th y lb en zen e-cu m en e  i s
I  : 6 .7  : 17 f o r  PFS and 1 : 7 .8  : 20 fo r  s ty re n e .  T ra n s fe r  c o n s ta n ts
can be r a t i o n a l i z e d  in  term s o f d ip o la r  forms fo r  th e  resonance
47s t r u c tu r e s  o f  th e  t r a n s i t i o n  s t a t e s .  As e x p e c te d , th e  PFS r a d ic a l  
i s  much l e s s  a b le  to  b e a r p o s i t i v e  charge as  re q u ire d  i n  d ip o la r  form
I I  th a n  i s  th e  p o ly s ty ry l  r a d i c a l .
Mn. H-S Mn'*' H :S Mn: H "*"s
I  I I  I I I
Thus th e  p o ly s ty ry l r a d ic a l  has a n  enhanced t r a n s f e r  c o n s ta n t to  th e  
k e to n es  r e l a t i v e  to  to lu e n e , w hereas th e  re v e rs e  i s  t r u e  of th e  
r a d ic a l  from  PFS.
O rder in  Monomer f o r  PFS and S ty re n e . F ig u re s  16 and 17 
a re  th e  g raphs o f  lo g  v s .  lo g  [M] fo r  PFS and s ty re n e ,  r e s p e c t iv e ly ,
u s in g  th e  d a ta  from  T ab les 8 and 10. The s lo p e s  o f  F ig u re s  16 and 17 
a re  l i s t e d  i n  T ab le  12. I t  i s  seen  th a t  th e  o rd e rs  in  s ty re n e  monomer 
determ ined  in  s u b s t i tu te d  benzene so lv e n ts  l i e  c lo se  to  5 /2  (av erag e  2 .3 ) .
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On th e  o th e r  hand, th e  co rresp o n d in g  o rd e rs  In  PFS a re  a l l  l e s s  th an  2 , 
ran g in g  from  1.57 f o r  flu o ro b en zen e  to  1 .93  fo r  b e n z o t r i f lu o r id e  
(average  1 .8 ) .
D i f f i c u l t i e s  I n  S o lven t P u r i f ic a t io n .  The p e ro x id e  te s t s  
102(d e sc rib e d  by F le s e r  ) showed th a t  THF, MIBK and MIPK fo rm  pero x id es  
v e ry  e a s i l y  and r a p id ly  on s ta n d in g . The non-oxygen c o n ta in in g  s o lv e n ts  
l i k e  flu o ro b en z en e , b e n z o n i t r i l e ,  b e n z o tr i f lu o r id e ,  b en zene , to lu e n e , 
e th y lb e n z e n e , cumene, hexafluo robenzene  form p e ro x id es  more s low ly . 
T h e re fo re , th e  p rev io u s  d a ta  on therm al p o ly m eriza tio n  of PFS i n  THF 
and k e to n es  might be In  e r r o r  s in c e  th e  so lv en ts  used were exposed to  
a i r  w h ile  anpou les were f i l l e d .  In  o rd e r  to  check th e se  d a t a ,  the 
th e rm a l p o ly m e riz a tio n  o f  PFS In  THF and ketones were r e p e a te d  w ith  
g re a t  c a u t io n . The s o lv e n t and th e  monomer were d i s t i l l e d  ( i n  the 
p re sen ce  o f  n itro g e n )  I n t o  the  c a l ib r a te d  ampoules and s e a le d  on a 
vacuum l i n e .  The new d a t a  fo r  th e se  so lv e n ts  a re  g iven  In  T ab le  8. .
The new r a t i o s  of Rp/S^ a r e  much c lo s e r  to  1 and in  most c a s e s  are 
l e s s  th an  5 . We b e l ie v e  th a t  a l l  of th e s e  v a lu es  should be  much c lo s e r  
to  u n i ty ,  and probab ly  a l l  of them should be le s s  than  1. T h a t I s ,  
i t  i s  u n l ik e ly  th a t  any s o lv e n ts  in c re a s e  the f r a c t io n a l  r a t e  of th e rm al 
p o ly m e riz a tio n . ^ (Note t h a t  th e  R p /^  r a t i o  used h e r e  Is
e q u iv a le n t t o  the r a t i o ,  o f  f r a c t io n a l  r a t e  of p o ly m e riz a tio n  i n  so lv e n t 
t o  t h a t  In  no so lv e n t c a s e ) .  The reaso n  th e  v a lu es  a re  l a r g e r  than 1 
i s  p robab ly  due to  th e  p re sen ce  o f  Im p u ritie s  such as  p e ro x id e s  in  th e  
s o lv e n ts  s tu d ie d . (The s lo p e s  o f  the p lo t  of log  v s .  lo g  [M] fo r  
MIPK and MIBK are s t i l l  to o  low, see  F ig u re  16). On th e  o th e r  hand.
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bo th  th e  o rd e rs  in  monomer (F ig u re  16) and th e  v a lu e  of th e  t r a n s f e r
S
c o n s ta n ts  to  THF, MIBK and MIPK a re  not a l t e r e d  s ig n i f i c a n t ly .
13 oT h e re fo re , th e  d a ta  re p o r te d  fo r  Rp/Sp fo r  THF, MIBK and MIPK must
be c o r re c te d  b u t th e  v a lu e s  o f Cg and monomer o rd e rs  a re  e s s e n t i a l l y
unchanged (s e e  T ables 11 and 1 2 ). I t  i s  b e lie v e d  th a t  th e  co rresp o n d in g
d a ta  re p o r te d  in  Table 10 on th e  therm al p o ly m e riz a tio n  o f  s ty re n e  in
s o lv e n ts ,  e s p e c ia l ly  THF, m ight be in  e r r o r  a l s o .  In  the  p o ly m e riz a tio n
13o f PFS in  cumene where e i t h e r  THF or f lu o ro b en zen e  was used as
co so lv en t (s e e  Table 9 ) ,  th e  t r a n s f e r  c o n s ta n ts  ob ta in ed  fo r  cumene
13agreed  e x c e l le n t ly .  However, on ly  in  th e  case s  where THF (b u t not
flu o ro b en zen e) was used a s  c o so lv e n t, were th e  Bp/R^ r a t i o s  observed
much g r e a te r  th a n  1. A pp aren tly  th e  p u r i ty  o f  cumene i t s e l f  does no t
p la y  a  m ajor r o le  in  th e  enhancement o f th e  o v e r - a l l  r a t e .  T h is
o b se rv a tio n  cou ld  be t r u e  a ls o  fo r  o th e r  a ro m a tic  so lv e n ts  l ik e
benzene and e thy lbenzene  in  th e  co so lv en t system s s tu d ie d  s in c e  th e se
so lv e n ts  do n o t p e ro x id iz e  r a p id ly .  I t  should  be noted  th a t  th e
t r a n s f e r  c o n s ta n t of THF from th e  A IB N -in itia ted  ru n s  i s  found to  be
1.61 X 10 ^  in  e x c e lle n t  agreem ent w ith  1 .53  x  10 ^ ob ta ined  from th e  
13u n ca ta ly zed  ru n s . T his a ls o  in d ic a te s  th a t  p e ro x id e  im p u r it ie s  in
th e  THF d id  no t s ig n i f i c a n t ly  a f f e c t  th e  Cg, s in c e  th ey  would c o n t r ib u te
n e g l ig ib ly  to  th e  o v e r - a l l  r a te  in  th e  A IB N -in itia te d  p o ly m e riz a tio n .
A c tiv a tio n  Energy o f Thermal I n i t i a t i o n .  The a c t iv a t io n
energy f o r  th e  therm al i n i t i a t i o n  can be e s tim a ted  a s  fo llo w s.
Assume th a t  k and k^ have th e  same va lue  fo r  b o th  th e  therm al and th e  
P C
i n i t i a t e d  p o ly m e riz a tio n . I f  th e  r a te  o f therm al i n i t i a t i o n  i s  g iven
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a s : where a i s  a  c o n s ta n t ,  th e n  E q u a tio n  10 becomes
® P ,th  = (56)
Thus in  a, th e rm a l p o ly m e riz a tio n , Rp i s  p ro p o r tio n a l  to  k^Ck^ th /^ t^  
and th e  observed  o v e r - a l l  a c t iv a t io n  en e rg y , E^^^ can  be shown^^*^^^ to  
be
= (% - (5?)
Where E^ i s  th e  a c t iv a t io n  energy  f o r  th e  the rm al i n i t i a t i o n .  The 
o v e r - a l l  a c t i v a t io n  energy , E^^, o b ta in e d  f o r  th e rm al p o ly m eriza tio n  
o f PFS in  b u lk  i s  16 .8  k ca l/m o le  and th e  (E - E . / 2 )  v a lu e  o b ta in edp t
from the  A IB N -in itia te d  p o ly m e riz a tio n  o f  PFS (se e  p rev io u s  s e c tio n s )
i s  5 .6  k c a l/m o le . T h e re fo re , from E q u a tio n  57 th e  Ê  ̂ v a lu e  fo r
PFS i s  2 X (1 6 .8  -  5 .6 ) = 22 k c a l/m o le . A nother method o f c a lc u la t in g
E^ i s  p ro v id ed  by a  p lo t  o f  lo g  P^ v s .  l /T  as  i n  F ig u re  3 . Since
a l l  th e  t r a n s f e r  r e a c t io n s  a re  a b se n t in  th e  therm al p o ly m eriza tio n
of PFS (C^ = 0 ) ,  E quation  46 i s  a p p l ic a b le .  From th e  s lo p e  o f F igu re  3 ,
E - E /2  -  E. . / 2  = - 4 .2 .  S u b s t i tu t in g  in  the  v a lu e  o f  (E -E ./2 )  = 5 . 6  p u X ̂  cn  p c
y ie ld s  = 20 k ca l/m o le . Thus two v a lu e s  o f E^ a re  in  good
agreem ent. The l i t e r a t u r e  v a lu e s  o f  E^ E^^ and E f o r  o th e r  v in y l 
monomers a re  g iv e n  in  Table 13.
The Mechanism o f Thermal I n i t i a t i o n . The mechanism fo r  the 
spontaneous i n i t i a t i o n  o f p o ly m e riz a tio n  o f  s ty re n e  w hich has rece iv ed  
th e  most su p p o rt i s  th a t  f i r s t  p o s tu la te d  by M ayo.^^^*^^^ I t  in v o lv es
0 .5
9
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a r e v e r s ib le  D ie ls -A Id e r co n d en sa tio n  o f two s ty re n e s  to  form  an a d d u c t, 
AH, w hich  th en  t r a n s f e r s  a  hydrogen to  a n o th e r  s ty re n e  m olecu le :
2M —" : w here Ar = CgH^
H Ar 
(AH)
.AH + M —---------- *• + ArCHCH,3
H Ar
Scheme I
M ayo's mechanism (Scheme I )  i s  s u b s ta n tia te d  by th e  fo llo w in g  o b se rv a tio n s .
(1) 1 -P h e n y l te t r a l in e ,  a s  w e ll  a s  o th e r  d e r iv a t iv e s ,  a re  i s o la te d  in
o 51a  s u b s ta n t i a l  y ie ld  from  s ty re n e  h ea ted  a t  130 f o r  1 h r .  (2) The
o v e r - a l l  r a te  of th e rm al p o ly m e riz a tio n  i s  2 .5  o rd e r  in  s ty re n e  as
28 118re q u ire d  fo r  a te rm o le c u la r  in i t ia tio n -m e c h a n ism . ’ (3) The k in e t i c
is o to p e  e f f e c t  studies^^*^^® *^^^ 2 ,127 8 confirm ed th e  involvem ent
o f o r th o  hydrogen atoms i n  th e  i n i t i a t i o n  r e a c t io n .  (4) Mayo's
mechanism has been shown to  be c o n s is te n t  w ith  th e  observed a c t iv a t io n
109 110energy  f o r  therm al i n i t i a t i o n  o f s ty re n e  (29 k c a l/m o le ) . *
(5 ) S t a t i s t i c a l  c a lc u la t io n s ^ ^ ^  ^ in d ic a te  t h a t  sm all d i r a d ic a l s  cou ld  
no t p ro p ag a te  to  g iv e  h ig h -m o lecu la r-w e ig h t po lym er, because they  would 
be v e ry  prone to  undergo c y c l iz a t io n  r e a c t io n s .  A mechanism in v o lv in g  
i n i t i a l  fo rm ation  o f  d i r a d i c a l s  w hich then  undergo t r a n s f e r  to  monomer
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
56
28t o  form  m onorad ica ls  was a ls o  c a lc u la te d  to  be im p ro b ab le . (6) The 
k i n e t i c  s tu d ie s  on th e  r e la te d  monomers 2 -v ln y lfu ra n  and 2 -v ln y l th lo -  
phene^^*^^ have su g g es ted  th a t  th e  th e rm al I n i t i a t i o n  f o r  th e se  monomers 
a l s o  i s  a  te rm o le c u la r  p ro cess  in  su p p o rt o f M ayo's mechanism. A lso a 
re a rra n g e d  D ie ls -A ld e r  type dim er o f  th e  s t r u c tu r e  s im i la r  to  1 -pheny l- 
t e t r a l i n e  was i s o la te d  f o r  each  o f th e se  two monomers.
These f in d in g s  su g g es t t h a t  th e  Mayo mechanism may be v a l id
59 58f o r  o th e r  v in y l  monomers such a s  2 -v in y lfu ra n  and 2 -v in y lth io p h e n e
117a s  w e ll  a s  s ty re n e . However, a  r e c e n t s tu d y  by Brown in d ic a te s  th a t
a  more ex tended  r e a c t io n  scheme f o r  th e  th e rm al p o ly m e riz a tio n  o f s ty re n e
117(Scheme I I )  may be needed . Brown observed t h a t  th e  p r in c ip a l  d im eric
p ro d u c ts  i s o la te d  from  th e  h ea ted  s ty re n e  a re  c i s -  and t r a n s - 1 ,2 -  
d ip h en y lcy c lp b u tan e  in  a  1 :2  r a t i o  and th a t  1 - p h e n y l te t r a l in e  i s  not 
th e  m ajor d im eric  p ro d u c t a s  claim ed  by M ü l l e r . The r e f o r e ,  Brown^^^ 
p roposed  a more ex tended  scheme f o r  s ty re n e  (Scheme I I )  i n  which th e  
D ie ls -A ld e r  dimer (AH) i s  th e  common in te rm e d ia te ,  g iv in g  r i s e  to  
cy c lo b u ta n e s  ( e i t h e r  d i r e c t l y  by r in g  c o n tra c t io n  o r  v i a  th e  d i r a d ic a l  





w here Ar = C h 
6 5
Scheme I I
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We b e l ie v e  th a t  th e  d i f f e r e n c e s  in  the b e h a v io r  o f PFS and 
s ty re n e  su g g e s t t h a t  th e se  2 s im i la r  monomers have im p o rta n t d if f e r e n c e s  
in  t h e i r  mechanisms o f  the rm al i n i t i a t i o n .  We p ropose  th e  fo llo w in g  
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Scheme I I I
T his scheme i s  supp o rted  by th e  fo llo w in g  f a c t s  and argum ents: (1) The
th e rm al r a t e  o f PFS p o ly m e riz a tio n  i s  s im i la r  to  th a t  o f  s ty r e n e ;
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th e r e f o r e ,  in  th e  PFS p o ly m e riz a tio n  th e re  must be a  s te p  (o r  s te p s )
in  which monomer d is a p p e a rs  a t  a  r a t e  com parable to  th a t  o f  s ty re n e .
We do no t b e l ie v e  th a t  a  f lu o r in e  atom could be t r a n s f e r r e d  from  AF
th e  same r a t e  a s  a  hydrogen, atom  from AH s in c e  a C-F bond i s  s tro n g e r
th a n  a  c o rre sp o n d in g  G-H bond. The argum ents f o r  a  s tro n g e r  C-F bond
a re  a s  fo llo w s : (a )  The bond d is s o c ia t io n  energy  (BDE) f o r  an " a l l y l i e "
C-H bond ( i . e . ,  CH  ̂ = CH CH^-H bond) i s  85 k c a l a t  25°C.^°® The
co rresp o n d in g  BDE f o r  an  " a l l y l i c "  C-F bond i s  n o t a v a i la b le  in  the
l i t e r a t u r e .  However, an  e s t im a tio n  may be made in  th e  fo llo w in g  way: ^
The BDE v a lu e s  f o r  n-C^H^-H bond and n-C^H^-F bond a re  98 k c a l and
106 k c a l  a t  25°C,^^® r e s p e c t iv e ly .  The d if fe re n c e  betw een a n -p ropy l-H
bond and a n  " a l l y l i c "  C-H bond i s  98-85 = 13 k c a l .  I f  th e  d if f e re n c e
between a n -p ro p y l-F  and an " a l l y l i c "  C-F bond i s  th e  same a s  th a t
between a n -p ro p y l-H  bond and an  " a l l y l i c "  C-H bond, th e n  th e  BDE of a n
" a l l y l i c "  C-F bond i s  106-13 = 93 k c a l a t  25°C. S ince  th e  BDE v a lu e
108fo r  a  CHg-F bond i s  108 k c a l compared to  104 k c a l  f o r  a  co rrespond ing
CHg-H bond,^^^ th e  a l l y l i c  r a d ic a l  resonance energy  i s  th e n  108-93 = 15 k c a l
fo r  f lu o r in e  compound and 104-85 = 19 k c a l  f o r  th e  co rresp o n d in g  hydrogen
compound. T h e re fo re , th e  AH v a lu e  needed f o r  b re a k in g  an a l l y l i c  C-F
bond i s  93-15  = 78 k c a l ;  f o r  an a l l y l i c  C-H bond, AH = 85-19 = 66 k c a l .
Thus i t  ta k e s  a co n s id e ra b ly  h ig h e r  energ j' to  d i s s o c ia te  an a l l y l i c  C-F
129bond than  does a  co rresp o n d in g  C-H bond; (b) Benson e s tim a te d  
th a t  th e  a c t i v a t io n  e n e rg ie s  f o r  hydrogen atom a b s t r a c t io n s  by o rg a n ic
r a d ic a l s  from  
8 ± 2 k c a l am
o rg a n ic  m olecules i n  exo therm ic r e a c t io n s  a re  a l l  about 
a r e  n o t to o  s e n s i t i v e  to  th e  o v e r - a l l  e x o th e rm ic ity  of
the  r e a c t io n .  In  c o n t r a s t ,  th e  atoms o f f lu o r in e  appea r never t o  be
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a b s tra c te d  o r  to  s h i f t  in  cyclopropane p y ro ly s is ,  and a low er l im i t  f o r  
such  a b s t r a c t io n s  i s  e s tim a te d  to  be about 16 k c a l/m o le ; (c )  I t  i s  
observed th a t  th e  t r a n s f e r  c o n s tan t to  PFS i s  n e g l ig ib le  compared to  
t h a t  of s ty re n e  a t  6 0 ° .^ ^  A lso , the  t r a n s f e r  c o n s ta n t to  s o lv e n ts  by 
poly-PFS i s  in  th e  fo llo w in g  o rd e r :  benzene >  fluo robenzene  > hexa-
flu o ro b e n z e n e ; (d )  There are  c a se s  where p e r f lu o r in a te d  compounds a re
l e s s  r e s i s t a n t  t o  o x id a tio n  than  t h e i r  hydrocarbon a n a l o g . F o r  
exam ple, p o ly p e rflu o ro p h en y len e  i s  m arkedly le s s  r e s i s t a n t  to  o x id a tio n  
a t  tem p era tu res  up to  500°C than i t s  hydrocarbon an a lo g . However, i f  
th e  p o ly p e rflu o ro p h en y len e  i s  p r e t r e a te d  a t  400°C f o r  1 h ou r,^^^  the  
o x id a tiv e  s t a b i l i t y  in c re a s e s  co n s id e ra b ly  and compares fa v o ra b ly  w ith  
th e  s t a b i l i t y  o f  th e  p o ly -p -p h en y len es  in  a i r .  On th e  o th e r  hand, 
poly-PFS i s  rem arkab ly  more s ta b le  th e rm a lly  th a n  p o ly s ty re n e . I t  i s
5
a l s o  more r e s i s t a n t  to  o x id a tio n  th an  p o ly s ty re n e . A pparen tly , th e  
g e n e r a l i ty  o f  such  o x id a tio n  s t a b i l i t y  i s  no t known, i t  may s t i l l  be 
s a f e  to  assume t h a t  a  C-F bond i s  s tro n g e r  than  a  co rrespond ing  C-H b ond), 
T h e re fo re , the p a th  A should  be much slow er th an  th e  analogous p a th  f o r  
s ty re n e .  The p a th  C should  be slow a ls o  s in ce  th e  t r a n s f e r  c o n s ta n t to  
PFS i s  z e ro . The rem ain ing  pa th  w hich i s  p r im a r ily  re sp o n s ib le  fo r  th e  
monomer d isap p ea ran ce  (c h a in  growth) would be p a th  B. (2) The 
averag e  o rd e r  f o r  p o ly m eriza tio n  o f  PFS using  s e v e ra l  s u b s t i tu te d  
benzenes as  s o lv e n ts  was c lo se  to  2 in s te a d  of 2 .5  a s  fo r  s ty re n e  
(T ab le  1 2 ). T h is  im p lie s  th a t  a b im o lecu la r i n i t i a t i o n  mechanism i s  
o p e ra t iv e ,  and th e  s te p  w hich forms e i th e r  the  d i r a d i c a l  ( I )  o r  th e  
D ie ls -A ld e r  ad d u c t (AF) would be ra te -d e te rm in in g . Again, we do not
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b e l ie v e  a f lu o r in e  atom would be t r a n s f e r r e d  In  p a th  A so f a s t  th a t
th e  fo rm ation  o f th e  adduct AF becomes th e  ra te -d e te rm in in g  s te p .
In s te a d ,  th e  fo rm a tio n  o f th e  d l r a d lc a l  ( I )  would be more l i k e l y  to  be
ra te -d e te rm in in g , and i t  would be a b le  to  add monomer a t  a reaso n ab ly
f a s t  r a te  so tha t  th e  o v e r - a l l  r a t e  I s  second o rd e r  In  PFS. (3) We
b e lie v e  th a t  th e  d l r a d l c a l  ( I )  formed In  th e  PFS system  would be more
re a c t iv e  th a n  th a t  formed In  th e  s ty re n e  system  due to  I n h ib i t io n  of
resonance by th e  f lu o r in e  atoms In  th e  r ln g ,^  and th a t  the  form er would
be more extended th a n  th e  l a t t e r  due to  d lp o le -d lp o le  re p u ls io n  o f  bo th
en d s . The e f f e c t  I s  t h a t  th e  PFS d l r a d l c a l  would have a reduced  r a te
133o f In tra m o le c u la r  c y c l iz a t io n .  ( I t  can be shown (se e  Appendix I I I )  
t h a t .  In  a d l r a d l c a l  p o ly m e riz a tio n , a f i r s t - o r d e r  te rm in a tio n  p ro cess  
such as In tra m o le c u la r  c y c l iz a t io n  would r a i s e  th e  o v e r - a l l  o rd e r  fo r  
th e  p o ly m eriza tio n  to  3 . I f ,  on th e  o th e r  hand, the r a t e  o f  te rm in a tio n  
I s  b im o lecu la r as In  th e  case of m o n o ra d ic a l- In i t ia te d  p o ly m e riz a tio n , 
th e  o v e r -a l l  r a t e  o f  therm al p o ly m e riz a tio n  w i l l  be seco n d -o rd e r In  
monomer. A lso , t h i s  b im o lecu la r d l r a d l c a l  mechanism would y ie ld  th e  
eq u a tio n s  I d e n t i c a l  to  those  found In  m onoradical p o ly m e riz a tio n  such 
a s  E quations 13 and 5 7 ). (4) PFS has an  a c t iv a t io n  energy  o f  therm al
I n i t i a t i o n  w hich I s  much low er th an  th a t  o f  s ty re n e  (T able 1 3 ) . This 
may be exp la ined  a ls o  I f  the PFS p o ly m e riz a tio n  fo llo w s a d i f f e r e n t  
mechanism from th a t  of s ty re n e .  We b e lie v e  th a t  an a c t iv a t io n  energy 
o f  about 30 k ca l/m o le  may be re q u ire d  f o r  a monomer undergo ing  t e r ­
m olecu la r I n i t i a t i o n ,  and th a t  the c a lc u la te d  v a lu e  f o r  PFS,
(%-v ln y ln ap h th a len e  o r acenaph thy lene  I s  e i t h e r  too  low o r to o  h igh
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to  a llo w  a  Mayo ty p e  te rm o le c u la r  mechanism to  be s ig n i f i c a n t  in  th e
therm al i n i t i a t i o n  re a c tio n s  o f  th e s e  monomers. Aso ^  a l . ^^*^^ su g g es t
t h a t  b o th  2 -v in y lfu ra n  and 2 -v in y lth io p h e n e  fo llo w  Mayo mechanism, and
th e se  monomers have an a c t iv a t io n  energy  o f  th e rm al i n i t i a t i o n  o f  about
30 k ca l/m o le  v e ry  near th a t  f o r  s ty r e n e .  On th e  o th e r  hand, G elhaar
and U e b e r re i te r ,^ ^  in  su p p o rt o f  K irch n er and P a t a t 's  h y p o th e s is ,
proposed th a t  th e  therm al p o ly m e riz a tio n  o f  acenap h th y len e  i s  i n i t i a t e d
by a b im o le c u la r  mechanism w hich  in v o lv e s  th e  hydrogen t r a n s f e r  between
two monomer m olecu les y ie ld in g  two m o n o rad ica ls . F o r t h i s  monomer, th e
a c t iv a t io n  energy  i s  e x tre m e ly  h ig h  (38 k c a l/m o le )  as a  r e s u l t  o f
s t e r i c  h in d e ra n c e .^ ^  (5) No id e n t i f i c a t i o n  o r  i s o l a t i o n  o f any
D ie ls -A ld e r  ty p e  dimer ( e . g . ,  AH o r  AF) and i t s  d e r iv a t iv e s  has y e t  been
re p o r te d . However, a l l  the d im ers is o la te d  so f a r  f o r  th e  therm al
d im e r iz a tio n  o f  f lu o r in a te d  o l e f i n s  in  non-polym er system s a re  of
cy clobu tane  s t r u c t u r e . ^  # ,p ,g - T r i f lu o r o s ty r e n e  has a s tro n g
136tendency  to  th e rm a lly  d im e riz e , y ie ld in g  a dim er o f cyclobutane
136—Vs t r u c tu r e .  T h is d im e r iz a tio n  p ro cess  co n çe tes  w ith  h igh  polymer
fo rm atio n  even in  th e  p resen ce  o f  e i t h e r  benzoyl p e ro x id e  o r t - b u t y l  
136p e rb e n z o a te . Dimers of s im i la r  cyclobutane s t r u c tu r e  have been
138 139observed w ith  te t r a f lu o r o e th y le n e ,  c h lo ro tr lf lu o ro e th y le n e , and
139l , l - d ic h lo r o - 2 ,2 - d i f lu o r o e th y le n e  a l s o .  Under p re s s u re ,  p e r f lu o ro -
124s ty re n e  a l s o  te n d s  to  d im e riz e , y ie ld in g  two d im ers presum ably o f
th e  cy c lo b u tan e  s t r u c tu r e .  I n  a d d i t io n ,  the d im e r iz a tio n  o f a c ry lo -
n i t r i l e  was a l s o  shown to  g iv e  1 ,2 -d icy an o cy c lo b u ta n e  v ia  a d i r a d i c a l  
112in te rm e d ia te .  The f a i l u r e  to  i s o l a t e  a D ie ls -A ld e r  dimer fo r  th e
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f lu o r in a te d  o le f in s  su g g es ts  t h a t  p a th  A in  Scheme I I I  may be of m inor 
im portance in  th e  th e rm al p o ly m e riz a tio n  o f th e se  o l e f i n s .  A d i r e c t  
exam ination  o f  th e  p ro d u c t d i s t r i b u t i o n  o f th e  d im ers  and th e  t r im e rs  o f 
PFS would be n e c e ssa ry  to  c l a r i f y  t h i s .
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T ab le  8 (C ontinued)
[S ]/[M ] M
T im e,h r Convn. % v 4
5,_b
l o r / p
1 .2  .c
( a t  60°)
1 .11 3 .67 216 2 .46
B e n z o tr i f lu o r id e
0 .813 2 .61
2 .22 2 .4 4 269 2.79 1 .12 3 .63
5 .55 1 .22 367 2 .76 1.61
5 .55 1 .22 367 2,27 1 .33 5 .41
1 .19 3 .67 192 3 .13
H exafluorobenzene 
1 .16  —
1.19 3 .67 192 3 .80 1 .41 3 .1 4
4 .76 1.47 355 2 .65 1 .33 ————
5 .9 5 1 .22 355 1 .17 0.708 5 .7 3
8 .33 0 .916 355 1 .65 1 .3 3 7 .58
= Rp th [M ]/7 ,3 3  w here Rp = 0,0280% /hr f o r  p u re  PFS a t  60°, i s  th e  observed r a t e  o f  
p o ly m e riz a tio n  i n  % mole p e i  ho u r.
^ C a lc u la te d  by E quation  48 .
c 2 2C a lc u la te d  by assum ing C^ = 0 and 6 = 446 f o r  THF and 6 = 675 f o r  MIBK and MIPK s o lu t io n s .
^The s o lv e n t and th e  monomer w ere d i s t i l l e d  d i r e c t l y  ( i n  th e  p re sen ce  o f  n itro g e n )  in t o  th e  















Therm al P o ly m e riz a tio n  o f  EFS I n  Mixed S o lv en ts  C o n s is tin g  o f  THF and T h ird  Component
5
[S ]/[M ] [THF]/[M] CM] Time, h r Convn. r  Ct h f] ,







i No S o lven t
3




CD 0.327 3 .36 2 .20 25 3 .06 14 .6 2 .51 2 .16
S
■ D
0.490 5 .03 1 .63 35 4 .4 2 20 .2 3 .45 2 .95
O
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2 .19  , 











0.371 3.3,6 2 .20 22 3 .72 20 .1 1 .9 0 1 .47
CD
3 0.557 5 .03 1 .63 23 3 .89 27 .1 3 .7 5 2.77
(/)'(/)
o'
0 .834 5 .0 3  ' 1 .5 4 48 5.51 19 .5 5 .17 4 .71
3
Toluene
0 .428 3 .3 6 2 .20 18 4 .01 26 .5 1 .16 0 .51
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F o o tn o te s  to  T ab le  9
^ *See fo o tn o te  a  i n  T ab le  8 .
o■D
CQ- ^ T ra n s fe r  c o n s ta n t o f  THF was ta k e n  a s  1 .5 4  x  lo " ^ .
c 2C a lc u la te d  by assum ing = 0 and 6 = 446,
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T ab le  10 (C ontinued)
















3 .2 4 -
i. ^Rp = t h  S  [M ]/8.67 w here Rp = 0.10% /hr f o r  p u re  s ty re n e  a t  6 0" . Bp i s  th e  observed  r a t e  o f
m p o ly m e riz a tio n  i n  % p e r  h o u r, ’
^ I n t r i n s i c  v i s c o s i t i e s  w ere m easured in  benzene a t  30° and th e  m o lecu la r w e ig h ts  w ere c a lc u la te d  






^ C a lc u la te d  by assum ing = 8 x  10 ^ ( r e f , 32) and 6^ = 900 f o r  p u re  s ty re n e  ( r e f . 33).
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T able 11
A Comparison o f  th e  T ra n s fe r  C o n s tan ts  fo r  PFS and S ty ren e  
Toward S e v e ra l S o lv en ts  a t  60
S o lven t
0 ,  X 104
THF S ty ren e
T e tra h y d ro fu ra n  (THF) >1.61^ 1 .4 2 (1 .8 6 )^
Cumene 6 .7 6 (6 .5 1 )^ '^ 1.04®
E thyibenzene 5 .3 5 (5 .8 6 )^ 0.83®
Toluene 1 .2 0 (2 .2 5 )^ 0.16®
Benzene 0.296® 0.04®
M ethyl Is o b u ty l K etone (MIBK) 0.328^ 0.757^
M ethyl Iso p ro p y l K etone (MIPK) 1 .30^ 2.39^
F luorobenzene 0 .116 0.0384^
Chlorobenzene 0 .133^
Bromobenzene -0® 1.78®
B e n z o n itr i le 0.0141^
B e n z o tr if lu o r id e 0.0470 0.0451^
M ethanol 0 .3 5 5 - - - -
H exafluorobenzene 0.0554 0.813^
f i g u r e s  no t in  p a re n th e s e s  a re  o b ta in e d  from  p lo t s  l ik e  F ig u re  13 or 
14 w here Rp/R§ was g r e a te r  th a n  5 . The numbers i n  p a re n th e se s  were 
determ ined  from th e  o rd in a ry  Mayo p l o t .
D eterm ined in  t h i s  s tu d y . A ll v a lu e s  a re  computed from l e a s t  square 
f i t s  o f E quation  55.
^ R eca lcu la ted  by H en ric i - 01iv d  ( r e f . 32) from d a ta  o f  Mayo ( r e f . 3 4 ). 
^Determ ined in  th e  p resen ce  o f  th e  co so lv en t THF.
^Determ ined in  th e  p resen ce  o f  th e  co so lv en t flu o ro b en zen e .
f
' D eterm ined by M isra  and Chadha ( r e f . 3 5 ) .
^Determined by Kapur ( r e f . 3 6 ).
^ s i n g  fluo robenzene  in s te a d  o f THF as  co so lv en t g iv e s  C = 6.98. x  10
^Measured by d i s t i l l i n g  so lv e n ts  and PFS d i r e c t ly  in to  ampoules and 
s e a l in g  on a vacuum l i n e .  The v a lu e s  o b ta in ed  by t r a n s f e r r in g  so lv e n ts  
and PFS in  th e  a i r  a re  as fo llo w s : THF, 1 .4 8 (1 .5 4 ) ;  MIBK, 0 .0 3 3 (0 .2 8 7 ) ; 
MIPK, 1 .0 9 (1 .2 4 ) .
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T able 12
The O rder i n  Monomer f o r  Thermal P o ly m e riz a tio n  o f PFS and S ty ren e
in  S o lv e n ts , 60°
‘ ^  ^ . t h  = K[M]*
S o lven t PFS S ty ren e
F luorobenzene 1.54 2.07
B e n z o n i tr i le 1.65 1.95
B e n z o tr if lu o r id e 1.85 2.21
H exafluorobenzene 1.86 2.92
THF 1.23*^ 1.24
MIPK 1.00* 1.22
MIBK 1.05* 1 .64
^Measured by d i s t i l l i n g  so lv e n ts  and PFS d i r e c t l y  in to  an ço ü les  and 
s e a l in g  on a vacuum l i n e .  The v a lu es  o b ta in e d  by  t r a n s f e r r in g  
s o lv e n ts  and PFS in  th e  a i r  a re  a s  fo llo w s: THF, 1 .13 ; MIPK, 1 .1 8 ;
MIBK, 0 .9 9 .
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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T able 13
The A c tiv a tio n  E n erg ies  f o r  Thermal and I n i t i a t e d  P o ly m e riz a tio n
g
of Some V iny l Monomers
Monomer S th ^ i , t h E R éference
PFS 16 .8 2 0 -2 2 2 0 .6 T h is  s tu d y
S tyrene 2 1 .0 28.9 2 1 .4 ° Mayo, r e f . 28
2 -V iny lth iophene 15.6 28.2 16 .5^»° Aso e t  a l . ,  r e f . 58 ’’
2 -V in y lfu ran 17 ' 30.0 1 7 8 , e Aso e t  a l . ,  r e f . 59
A cenaphthylene 30.9 • 38^ G elhaar & U e b e r re i te r ,  
r e f . 45
a-V in y ln ap h th a len e 17 .4 22^ 2 1 .5 ° Loshaek e t  a l . , r e f . 60
o -C h lo ro sty ren e 17 .5 30^ 1 7 .5 4 Rubens, r e f . 63
2 -V in y lp y rid in e 2 0 .2 29.4^ 20.5°»® Koton, r e f . 65
*A11 in  k c a l/m o le .
Ij
E stim ated  from th e  e q u a tio n , E-E^j^ = (E^-E^ th ^ ^^  (d e riv e d  by combining 
th e  E quations 54 and 57 and assum ing E^ = E& = 30 kca l/m o le  f o r  AIBN- 
and benzoyl p e ro x id e  i n i t i a t e d  p o ly m e r iz a tio n ) .  Ej-jj and E a r e  th e  
o v e r - a l l  a c t iv a t io n  e n e rg ie s  fo r  th e  th e rm a l (u n ca ta ly ze d ) and th e  
i n i t i a t e d  p o ly m e riz a tio n , r e s p e c t iv e ly .  E^ and Eĵ  a re  th e  a c t iv a t io n  
e n e rg ie s  o f  th e  i n i t i a t i o n  f o r  th e  the rm al ând th e  i n i t i a t e d  
p o ly m e riz a tio n , r e s p e c t iv e ly .
^ I n i t i a t e d  by AIBN.
^ I n i t i a t e d  by benzoy l p e ro x id e .
^Determ ined by K oton, r e f . 64.
^E stim ated  from th e  s lo p e  of th e  p lo t  o f  log  v s .  l /T  u s in g  E q .46 .
®Bengough o b ta in ed  E -E ^/2  = 5 .5  k ca l/m o le  ( r e f . 66 ) .





F ig u re  12. T ra n s fe r  to  F luorobenzene ( ® ) ,  H exafluorobenzene ( A ) ,
B e n z o tr if lu o r id e  ( B ) ,  and B e n z o n itr i le  ( ^ ) by PFS a t  60°.
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F ig u re  13. T ra n s fe r  to  THF ( O ) ,  MIPK ( A ) ,  and MIBK ( B )  by PFS 
( f i l l e d  symbols) and to  THF by s ty ren e  (open c i r c l e s ) .
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F ig u re  14. T ra n s fe r  t o  Cumene ( • ) ,  E th y ib en zen e  ( Q ) ,  and Toluene 
( A )  by PFS a t  60° in  the P re sen ce  o f  the C oso lven t THF.





F ig u re  15. T ra n s fe r  to  MIPK ( O ) ,  MIBK ( A ) ,  F luorobenzene (O  ) ,  
B e n z o n itr i le  ( ^ ) ,  H exafluorobenzene ( y  ) ,  and 
B e n z o tr if lu o r id e  (X) by S ty rene  a t  60°.





L o g  C M ]
F ig u re  16. Graph o f log  Rp v s .  log  [m] f o r  Thermal P o ly m e riza tio n
o f PFS in  S o lv en ts  a t  60°. S o lv en ts  a re  coded as fo llo w s : 
•  , F lu o robenzene; A , THF; B , MIBK; ^  , MIPK;
V , B e n z o n i tr i le ;  X, H exafluorobenzene; and +, 
B e n z o tr i f lu o r id e .
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F ig u re  17.
5 2  I 
L o g  CM]
Graph of lo g  v s .  log  [M] fo r  Thermal P o ly m e riza tio n  
o f S ty rene  in  S o lven ts  a t  60°. S o lv en ts  a re  coded as 
fo llo w s ; O , F luorobenzene; A , THF; Q,MIBK; ^  , MIPK; 
V , B e n z o n i tr i le ;  X, H exafluorobenzene; and +, Benzo­
t r i f l u o r i d e .
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The Measurement o f  th e  Rate o f  I n i t i a t i o n  fo r  PFS. Two 
methods w ere employed in  th e  measurement o f  th e  r a te s  o f i n i t i a t i o n  
fo r  PFS: th e  m o lecu la r w eigh t method, and the  in h ib i to r  method.
The m o lecu la r w eigh t m e t h o d , a s  a lre a d y  d esc rib e d  in  th e  s e c t io n  
conce rn ing  the  A IB N -in itia te d  p o ly m eriza tio n  o f  PFS, gave re a so n a b le  
^values o f  th e  i n i t i a t o r  e f f ic ie n c y ,  f ,  f o r  P F S -so lven t m ix tu res  
(se e  T able 6 ) . The i n h i b i t o r  method^^ in v o lv e s  the  measurement o f 
th e  r a t e  o f consum ption o f an  in h ib i to r  w hich i s  added t o  th e  monomer 
to  p re v e n t p o ly m e riz a tio n . The r a t e  of rem oval o f i n h i b i to r  i s
>
p ro p o r tio n a l  to  th e  r a t e  o f  i n i t i a t i o n .  However, to  d e term ine  the
p ro p o r t io n a l i ty  c o n s ta n t ,  i t  i s  n ecessary  to  make an assum ption
re g a rd in g  th e  number o f  f r e e  r a d ic a ls  which r e a c t  w ith  one m olecule
o f i n h i b i to r .  I f ,  and only  i f ,  each in h ib i to r  m olecule s to p s  one
f r e e  r a d ic a l  c h a in , th e  r a t e  o f removal o f  in h i b i to r  i s  eq u a l to  th e
46r a te  o f i n i t i a t i o n .  When DPPH i s  used a s  a r a d ic a l  scavenger th e
u su a l assum ption  i s  t h a t  one f re e  r a d ic a l  r e a c ts  w ith  each  DPPH
r a d ic a l ,  so th a t  th e  r a t e  o f i n i t i a t i o n ,  R^, i s  equal to  th e  r a t e  o f
■ d isap p ea ran ce  o f  DPPH, ®j)ppu» Since DPPH i s  a co lo re d  su b stan ce  i t
i s  p o s s ib le  to  fo llow  i t s  r a t e s  o f  removal by th e  r a te  o f  d isap p ea ran ce
68o f th e  c o lo r  from the  s o lu t io n .  PFS was th e re fo re  polym erized  
p ho tochem ically  a t  80°C in  th e  presence o f  DPPH, and th e  d isap p ea ran ce  
o f c o lo r  fo llow ed  sp e c tro p h o to m e tr ic a lly  a t  520 mjx. Blank ru n s  on 
DPPH-solvent m ix tures w ere a l s o  perform ed, and sm all c o r re c t io n s  
w ere made to  th e  PFS sy stem s. A ty p ic a l  p lo t  o f  th e  d isap p ea ran ce  o f  
DPPH in  P F S -so lven t system s i s  shown in  F ig u re  18 . Note th a t  th e
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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p lo t s  o f  lo g  (A^-A^) v s .  tim e g iv e  s t r a i g h t  l i n e s  f o r  a l l  cases
(where A  ̂ and A^ a re  th e  absorbance a t  tim e t  and a t  i n f i n i t e  p o in t ,
r e s p e c t iv e ly )  w hereas th e  co rresp o n d in g  p lo t s  o f  (A^-A^) v s .  tim e
alw ays show th e  d e v ia tio n s  from  l i n e a r i t y .  T h is  o b se rv a tio n  would
su g g est th a t  i s  e s s e n t i a l l y  f i r s t  o rd e r  w ith  re s p e c t  to  DPPH.
69In  c o n t r a s t ,  Tobolsky found Rppp^ to  be n e a r ly  zero  o rd e r  w ith
re s p e c t  to  DPPH in  s ty re n e .  The d a ta  in  T able 14 y ie ld  th e  v a lu e s
o f  monomer o rd e r  1 .1 ,  1 .5  and 2 .2  (average  1 .6 )  determ ined  in
b e n z o n i t r i l e ,  b e n z o t r i f lu o r id e  and flu o ro b en z en e , r e s p e c t iv e ly .
T h is  compares w ith  th e  c o n c lu s io n  made by Tobolsky^^ from two
experim en ts w ith  s ty re n e  in  benzene s o lu t io n  t h a t  Bjjppjj i s  second
o rd e r w ith  r e s p e c t  to  s ty re n e .  A f i r s t - o r d e r  dependence o f  Rpppg
on th e  c o n c e n tra tio n s  o f DPPH could  be e x p la in e d  in  term s o f  th e
sim ple d i r e c t  a t ta c k  o f  DPPH r a d ic a l  on PFS monomer m olecu le . A
dependence o f  th e  r a t e  o f DPPH rem oval on th e  1 .1  to  2 .2  o rd e r  o f
monomer could  be e x p la in ed  in  term s of th e  r e a c t io n  o f DPPH r a d ic a l
ÿ i t h  PFS monomer,or w ith  th e  complex o f two PFS m olecules o r  a
com bination  o f  the  two r e a c t io n s .  In  th e  A IB N -in itia ted  p o ly m e riz a tio n
o f  PFS, DPPH f a i l e d  to  g ive  any in d u c tio n  p e r io d  a t  a l l  a s  shown in
F ig u re  19. A p p aren tly , DPPH i s  n o t an " id e a l"  in h ib ito r^ ^ * ^ ^  f o r
th e  p o ly m eriza tio n  o f PFS. However, a p re lim in a ry  experim ent u s in g
benzoquinone as in h ib i to r  in  the  p la ce  o f DPPH d id  show an  in d u c tio n
p e r io d  (se e  F ig u re  1 9 a ). From th e  le n g th  o f t h i s  in d u c tio n  p e r io d ,
-8  -1t h e  v a lu e  o f was c a lc u la te d  to  be 5 .0  x 10 H sec  a t  
[AIBN] = 3 .05  X 10 From th e  m o lecu la r w e ig h t method, was
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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e s tim a te d  to  be 3 .5  x  10 sec  ^ a t  th e  same AIBN c o n c e n tra tio n .
46Bengough s tu d ie d  th e  r a t e  o f  I n i t i a t i o n  f o r  MMA us^ng th re e  
d i f f e r e n t  m ethods. He observed  th a t  th e  v a lu e  o b ta in ed  u s in g  th e  
I n h ib i to r  method. I s  ap p ro x im ate ly  double th o se  o b ta in ed  by th e  
m o lecu la r  w eigh t method and r a d io a c t iv e  t r a c e r  m ethod. T h e re fo re , 
th e  r e s u l t s  o b ta in ed  h e re  should  be reg a rd ed  a s  s a t i s f a c to r y .
The D e te rm in a tio n  o f R ad ica l L ife tim e  (The R o ta tin g  S e c to r  
M ethod). R ad ica l l i f e t i m e s  w ere determ ined  by th e  r o ta t in g  s e c to r  
m ethod. As th e  k i n e t i c  ch a in  l i f e t im e  I s  In v e r s e ly  p ro p o r tio n a l  to  
th e  r a t e  (E q u a tio n  22) I t  I s  o f te n  p o s s ib le  to  a d ju s t  c o n d itio n s  so
I -  ■ ’ '
t h a t  one o b ta in s  a  s u i t a b l e  v a lu e  f o r  th e  l i f e t im e  a t  a rea so n ab le  
r a t e  o f p o ly m e r iz a tio n . T ab le 15 shows th e  d a ta  o b ta in ed  under th e  
optimum c o n d i t io n s .  The r a t i o  o f  th e  r a t e s  m easured a t  d i f f e r e n t  
s e c to r  sp e e d s , Bp, t o  th o se  o b ta in ed  a t  s te a d y  l i g h t  Rp  ̂ w ere 
c a lc u la te d ,  and th e y  a r e  l i s t e d  In  column 5 o f  T ab le 15. The f l a s h  
tim e s , w ere m easured f o r  each  s e c to r  sp eed . A s e c to r  w ith  r  = 2 
( i . £ . , th e  r a t i o  o f  d a rk  to  l i g h t  a re a  I s  2 to  1) was used f o r  a l l  
ru n s .  The e x p e rim en ta l cu rves  w ere o b ta in e d  by p lo t t in g  Bp/Rp^ v s .  
lo g  X ( s e e  th e  l i n e  w ith  c i r c l e s  I n  F ig u re  2 0 ) . S ince  th e  dark  
r a t e s  a r e  n o t n e g l ig ib le .  E q u a tio n s  26-28 w ere used to  c o n s tru c t 
th e  th e o r e t i c a l  c u rv e s . The computed v a lu e s  o f Rp/Rp as a  fu n c tio n  
o f m and z (se e  I n t ro d u c t io n  s e c tio n )  a re  c o l le c te d  In  Table 17, and 
th e  th e o r e t i c a l  cu rv es  w ere o b ta in ed  by p lo t t i n g  th e  computed Rp/Rp^ 
v s .  log  m. The v a lu e s  o f  r a d ic a l  l i f e t im e ,  t , w ere c a lc u la te d  from  
th e  d i f f e r e n c e  betw een th e  t h e o r e t i c a l  and e x p e rim e n ta l c u rv e s , and
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Table 14
DPPH D isappearance In  PFS-Solvent M ixtures a t  80
(Measured a t  520 mg)
S o lven t CM] ®DPPH -  
c o r re c te d ^
® i*^ ®DPPH ~ ^Cm] 
c o r re c te d
None 6 .8 7 4 .16 - - ---
B e n z o tr i f lu o r id e 5 .1 5 1.85 1 .4 9




B e n z o n i tr i le 5 .1 5 0 .705 1 .08




F luorobenzene 5 .1 5 3.87 2 .1 6
3 .4 4 0.935
1 .7 2 0.210
0
®In th e  p re sen ce  o f [DPPH] = 9 .7 9  x 10
^R ate o f  d isap p ea ran ce  o f  DPPH c o rre c te d  f o r  s o lv e n t a b s o rp tio n . 
R ates a r e  c a lc u la te d  from  the  s lo p e s  o f  th e  p lo t s  of lo g  (Aj--Aoo) v s , 
tim e where Aj. and A^ a r e  the abso rbance  a t  tim e t  and a t  i n f i n i t e  
p o in t ,  r e s p e c t iv e ly .




TIME ( M I N . )
F ig u re  18. DPPH D isappearance in  PFS-PhCN M ix tu res a t  80 .
0  ; 100% PFS; ▲ :75% PFS; ^  : 50% PFS; b  : 25% PFS; 
y  : PhCN Blank.






TIME ( M i N j
F ig u re  19. Graph o f  % C onversion v s .  Time fo r  th e  P o ly m e riza tio n  
o f PFS in  th e  P resence  o f  [AIBN] = 1.77 x 10
_5
C o n c e n tra tio n  o f DPPH C : 2 .2 4  x 10 M,
▲ : 8 .9 8  X l O 'V  a  : 1 8 .0  x 1 0 " \  ^  : 0.




T im e  (M in.)
300
F ig u re  19a. Graph of % C onversion  v s . Time f o r  the  P o ly m eriza tio n  
o f PFS In  th e  P resence  o f [AIBN] = 3 .05  x lO'^M and 
[Benzoquinone] = 1 .14  x 10 ^M.
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th e  average v a lu e s  a re  g iven  in  th e  column 6 o f  Table 15. The v a lu e s
o f k / ( 2 k ) ,  c a lc u la te d  from  E quation  22 u s in g  th e  known v a lu e s  o f 
P ^
T, may be combined w ith  th e  p re v io u s ly  determ ined  6^ v a lu e s  ob ta ined
from  AIBN ex p erim en ts . The k^ and 2k^ v a lu es  c a lc u la te d  by th i s
way a re  l i s t e d  in  Table 16. To se rv e  as a  com parison, th e  co rrespond ing
d a ta  fo r  th e  p h o to p o ly m eriza tio n  o f  s ty re n e  a t  30° were a ls o  c o l le c te d .
A com parison o f th e  a b so lu te  r a t e  c o n s ta n ts  f o r  some s u b s t i tu te d
s ty re n e s  i s  g iven  in  Table 18. For s ty re n e , k^ = 107 sec”^ and
2k^ = 1.09 X 10® M ^ sec  ^ a re  o b ta in e d . These v a lu e s  a re  in  e x c e lle n t
agreem ent w ith  th e  v a lu es  re p o r te d  by Imoto ejt a l .  k^ = 106 M ^sec
and 2k. = 1 .08 x 10® se c “ ^ . F or PFS, k = 195 sec"^  and 
t  , -  P
2k = 1 .39  X 10® M ^ sec  Thus k fo r  PFS i s  abou t tw ice  th a t  o ft  -  p
s ty re n e  whereas 2k. i s  about th e  same fo r  bo th  monomers. In  o th e r  c
w ords, PFS p ro p ag a tes  w ith  g r e a te r  ease  th an  s ty re n e .  S ince the
p ro p ag a tio n  r e a c t io n  in v o lv es  two r e a c ta n t s ,  M» and M (s e e  In tro d u c tio n
s e c t io n ) ,  i t  i s  n o t p o s s ib le  from v a lu e s  o f  k^ a lo n e  to  d ec id e  w hether
th e  r e a c t i v i t y  o f polymer r a d ic a l  M* o r th a t  o f th e  monomer M has
■ th e  g r e a te r  in f lu e n c e  upon k ^ . To d is t in g u is h  betw een r a d ic a l  and
monomer r e a c t i v i t i e s  i t  i s  n ece ssa ry  to  c o n s id e r th e  r a t e s  of
t r a n s f e r  r e a c t io n s  and c o p o l y m é r i s a t i o n s . Si nce C„ = k. /ko tr^ S  p
by d e f in i t i o n ,  th e  v a lu e s  o f k „ may be c a lc u la te d  from C„ and k .c r ,o  a p
I f  th e  d if fe re n c e  o f  r e a c t io n  tem p era tu re  (60 f o r  t r a n s f e r  r e a c t io n  
and 30° fo r  p h o to p o ly m eriza tio n ) i s  i g n o r e d , a n d  assessm ent of
r a d ic a l  r e a c t iv i t y  can be deduced from  th e  r a te  o f t r a n s f e r  to  the  
same s u b s tr a te  by u s in g  th e  d a ta  in  Table 11, These v a lu e s  o f  k
t r ,S
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f o r  some hydrocarbons a re  l i s t e d  i n  T able 19, and show th a t  th e  
r e a c t i v i t y  i n  t h i s  r e a c t io n  a p p ea rs  to  ru n  p a r a l l e l  to  th e  p ro p ag a tio n  
r a t e  c o n s ta n t ,  b u t f u r th e r  In fo rm a tio n  on th e  s e p a ra te  r e a c t i v i t i e s  o f 
monomer and f r e e  r a d i c a l  can be more e a s i l y  deduced from  th e  copoly- 
m e rlz a tld n  s tu d ie s  (s e e  p . 1 0 0 ) .
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T able 15
o®D ete rm in a tio n  o f Average L ife tim e  o f PFS R ad ica l a t  30
S o lv en t [M] lo g lysio® '’ 
(M sec"^)
Rp/Rp^^ Average t 
( sec)
k / 2k ^ x l0 6 °  
P c -
None 7*28 - - - - 5 .50 1.000 1.83 1.39





1.538 2.19 0 .398  '
1.838 2.03 0.369
2.140 1 .98 0 .360
B e n z o n itr i le 3 .64  - - - - 4 .67 1.000 1 .48 1 .9 0
0.137 2.60 0.556
0.535 2.34 0.501
0 .838 2.13 0.457
1.140 1.94 0.416
1.538 1.79 0 .383
1.838 1 .70 0.365
2.140 1 .64 0.352
B e n z o tr if lu o r id e 3 .64  - - - - 2.69 1.000 1.77 1.31
0.137 1.48 0.549
0 .535 1.33 0.493
0.838 1.25 0.466
1.140 1.16 0 .430
1.538 1.03 0 .383
1 .838 0.917 0.341
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T ab le  15 (C ontinued)




■ -----------  ■■
A verage t k ^ /2 k ^ l0 ®
(se c )
F luo robenzene  3 .6 4  - — 2.71 1 .000 1 .79 1 .33
0.137 1 .50 0 .552
0 .535 1.37 0.507




2.140 0.965 0 .356
®In th e  p re se n c e  of 3 .00  x  10 ACHN as  p h o to s e n s i t iz e r .  A ll  so lv e n ts
a r e . 50% by  volum e,
R_ i s  th e  measured r a t e  o f  p h o to p o ly m eriza tio n  under in te r m i t te n t  l i g h t  
( r  = 2 ) .  i s  th e  r a t e  observed  under s te a d y  l i g h t .  \  i s  f l a s h  tim e
i n  seco n d s . ®
l i f e t i m e  o f p ro p ag a tin g
C a lc u la te d  from  th e  E q u a tio n  k /2 k  = Rp x where t i s  th e  average
 r a d i c a l s .
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T ab le 16
The P h o to p o ly m e riz a tio n  o f PFS a t ' 30". rACHNl = 3 .00  x  10
S o lv en t RjXlO«“ T
s e c
6^ " p '
,3k^lO “ ®t —
gd
R%xlO° 10^/P^
None 5 .5 0 1 .8 3 1 .3 9 3710 195 1 .39 0 .212 2.11
PhCN 4 .6 7 1 .4 8 1 .9 0 1530 346 1 .83 0 .249 2.47
PhCFg 2 .69 1 .7 7 1 .3 1 4160 184 1 .41 0.227 3.49
PhP 2 .7 1 1 .7 9 1 .3 3 4000 187 1 .4 0 0 .222 3.62
®See fo o tn o te  b under Table 15o A ll s o lv e n ts  a re  50% by volum e.
= R p/[N ]B .T in  sec“ ^ ,
c . 2 - 1  -1  -12k^ = X T ) i n  M ^ s e c
= 6^ X R^/[M ]2.
^ C a lcu la ted  from  E q u a tio n  4 8 .
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Table. 17
T h e o re t ic a l  V alues' o f R^/IL a s  a  F u n c tio n o f m and z fo r  r=2r  I’a
m z = 0 z = 0 .01 z -  0 .0 2 z = 0.03 z = 0 .04
0 .1 0 .577 0.577 0.577 0.578 0.578
0 .2 0 .576 0.576 0.576 0.577 0.577
0 .3 0 .574 0.575 0.575 0.575 0.575
0 .4 0 .572 0.573 0.573 0 .573 0.573
0 .5 0.569 0.570 0.570 0.570 0.571
0 .6 0 .566 0.567 0.567 0.567 0.568
0 .7 0 .562 0.564 0 .564 0.564 0.565
0 .8 0 .558 0,560 0.560 0.561 0.561
0 .9 0 .555 0.556 0.557 0.557 0.557
1 .0 0 .552 0.553 0.553 0.553 0.553
1 .5 0 .533 0.533 0.533 0.534 0.534
2 .0 0.515 0.515 0.515 0.516 0.516
2 .5 0 .500 0.500 0.500 0.501 0.501
3 .0 0.487 0.487 0.487 0.488 0.489
3 .5 0 .477 0.477 0.477 0.478 0.478
4 .0 0 .467 0.468 0.468 0.469 0.470
4 .5 0 .460 0.460 0.460 0.461 0 .462
5 .0 0 .453 0.453 0.453 0 .454 0.455
5 .5 0 .447 0.447 0.447 0.448
0.44&
0.449
6 .0 0 .442 0.442 0.442 0 .444
6 .5 0 .437 0.437 0.437 0.438 0.440
7 .0 0 .432 0 .433 0.433 0 .434 0.435
7 .5 . 0 .429 0.429 0.429 0.430 0.432
8 .0 0 .425 0.425 0.426 0.427 0.428
8 .5 0 .422 0 .422 0.423 0 .424 0.425
9 .0 0 .419 0.419 0 .420 0.421 0.422
9 .5 0 .416 0.416 0.417 0.418 0.420
10 0.413 0.414 0.414 0.416 0.417
20 0 .384 0 .385 0.386 0.388 0,391
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
94
Table 17 (Continued)
m Z M 0 z = 0 .01 z -  0 .0 2 z ss 0 .03 Z a  0 .04
30 0.372 0.372 0.374 0.377 0.381
40 0.364 0.365 0.368 0.371 0.376
50 0.360 0.361 0.364 0.368 0 .373
60 0.356 0.357 0.361 0.365 0.371
70 0 .354 0.355 0.359 0.364 0 .369
80 0.352 0.353 0.357 0.362 0.368
90 0.350 0.352 0.356 0.361 0.367
100 0.349 . 0.3507 0.3552 0.3606 0.3664
200 0.342 0,3454 0.3509 0.3570 0.3632
300 0.340 0.3436 0.3495 0.3558 0.3621
400 . 0 .388 0.3427 0.3488 0.3551 0.3616
500 0.3375 0.3422 0.3484 0.3548 0.3613
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T able 18
A Comparison o f  A bso lu te  Rate C onstan ts  f o r  S u b s ti tu te d  Styrenes*
Monomer
" ,
2k^ X 10"® R eference
PFS 195 1 .39 T his s tu d y
S ty ren e 107 1 .09 T his  s tudy
106 1 .08 Imoto e t  a l . ,  
r e f . 48
26 0 .052 M e lv i l le ,  r e f . 71
55 0.505 M atheson, r e f . 25
S
73 0 .67 N o rr ish , r e f . 72
p -F lu o ro s ty re n e 112 1 .27 Imoto e t  a l . ,  
r e f . 48
p -C h lo ro s ty ren e 150 0 .77 Imoto e t  a l . . 
r e f .48
p-B rom ostyrene 186 0 .46 Imoto e t  a l . . 
r e f . 48
p-C yanostyrene 219 0 .3 5 Imoto _et a l . .  
r e f . 48
p -M eth y lsty ren e 84 0 ,6 6 Imoto e t  a l . .  
r e f .48
p-M ethoxystyrene 71 0 .33 Imoto e t  a l . .  
r e f . 48
®A11 v a lu e s  a re  in  M ^ s e c ” ^ a t  30*G.




A Comparison o f  R ad ica l R e a c t iv i t i e s  f o r  EFS and S ty rene  *
•
k tr .s (M ^ s e c ' l  a l l  a t  60°) x  10^
Monomer
“ p
(m“^ s e c ' l ,  30°)
Toluene E thylbenzene Cumene
PFS 195 2 .34 1 0 .4 13 .2
S ty rene 107 0.171 0.888 1.11
MMA 251^ 4 2 .7 ° 192° 477^
^ C a lc u la te d  u s in g  th e  d a ta  in  T ab le  11 and th e  e q u a tio n  k ' = Cg3& ,
Note th a t  k and k. _ a r e  g iven  a t  d i f f e r e n t  te m p era tu re^ ! ^P c r ,b
^D ata o f  Schulz e t  a l . . r e f . 77.
®Using th e  d a ta  o f  Chadha e t  a l .  ( r e f . 78) f o r  Cg = 0 .170 x 10 ^ and
0.766 X 10" f o r  to lu e n e  and e th y lb en ze n e , r e s p e c t iv e ly .
^Using th e  d a ta  o f A lle n _ e t a l .  ( r e f . 79) fo r  Cg = 1 .9  x  10 ^ fo r  
cumene.
e,The tre n d  i s  no t changed f o r  th e  k^^ g v a lu e s  a t  60 c a lc u la te d  by 
assum ing th e  fo llo w in g  v a lu e s  o f  t h e 'a c t i v a t i o n  e n e rg ie s  f o r  p ro p a g a tio n : 
PFS, 7-8  k ca l/rao le  ( r e f . 4 8 ) ;  s ty re n e ,  7 k ca l/m o le  ( r e f . 4 8 ) ; MMA,
5 k c a l/m o le  ( r e f . 7 ) .






F ig u re  20. D e te rm in a tio n  o f  th e  Average L ife tim e  o f Poly-PFS R ad ica ls
 ; C a lc u la te d  fo r  z = dark  r a te / s te a d y  l i g h t  r a t e  = 0.02
and T = 1 .00  s e c . ;   w ith  O : C a lc u la te d  fo r  z = 0 .02
and T = 1 .83 s e c . ;  : C a lc u la te d  fo r  z = 0 .0 0  and
T = 1.00  s e c .




C opo lym erlza tion  o f  PFS and S ty re n e . Copolymer was
I s o la te d  by th e  f r e e z e - d r y  p rocedu re  developed  by Lewis and Mayo 
19f o r  s ty re n e  s in c e  th e  copolym er i s  so lu b le  in  benzene. Copolymer 
com position  was e v a lu a te d  u s in g  % carbon from  e lem en ta l a n a ly s is  in  
th e  fo llo w in g  way: The f r a c t i o n  s ty re n e  in  th e  copolym er, f ^ ,  i s
r e la te d  to  th e  f r a c t i o n  carbon  i n  the po lym er, x ,  the m o lecu la r w eig h t 
o f PFS, 1 9 4 .1 , and t h a t  o f s ty r e n e ,  1 0 4 .1 , and th e  f r a c t i o n  of carbon  
i n  PFS and s ty re n e ,  0.4950 and 0 .9226, r e s p e c t iv e ly ,  by th e  fo rm ula:
fj  ̂ = (194.1X -  96.079)/ ( 9 0 . Ox - 0.036) s  2.157 -  1 .067/x
C opo lym erlza tion  o f  PFS and M ethyl M e th a c ry la te . The same 
p ro ced u res  w ere fo llo w ed  in  i s o la t in g  th e  copolym er. Copolymer 
co m p o sitio n , how ever, was determ ined  u s in g  u l t r a v i o l e t  sp e c tro sc o p y .
(% carbon  a n a ly s is  would in tro d u c e  g re a t  e r r o r  due to  th e  c lo se n e ss  
o f th e  th e o r e t i c a l  v a lu e s  o f  %C in  PFS and MMA: 49.5% v s .  60%). In  
THF a s  s o lv e n t ,  th e  s p e c i f i c  absorbance fo r  PFS ( i n  u n i t s  o f  absorbance 
p e r  mole p e r  l i t e r )  i s  e = 1 .92  a t  = 259 m^ and i s  independen t
of m o lecu la r w e ig h t. B e e r 's  law i s  obeyed. At t h i s  w aveleng th ,
MMA has g = 0^095. The e q u a tio n  used i s  e = 1 .92x  + ( l-x )(O .0 9 5 )  
where x i s  t h i  w eig h t f r a c t io n  o f  PFS in  th e  copolym er.
98
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RESULTS AND DISCUSSION
C b p o ly in erlzà tio n  o f  PFS and S ty ren e  I n i t i a t e d  by AIBNo
S ty ren e  (Mj )̂ and PFS (M^) w ere allow ed to  copolym erlze a t  60° ug ing
AIBN a s  i n i t i a t o r .  Copolymer com position  was e v a lu a te d  u s in g  %
carbon  from  e le m e n ta l a n a ly s i s .  The method o f  Finem an-Ross^^ was
used to  e v a lu a te  r^  and r^  (se e  E quation  3 7 ) . T ab le  20 g iv e s  th e
d a ta ;  th e  v a lu e s  o f  r̂  ̂ = 0 .4 2  ±  0 .01 and r ^  = 0 .2 2  ± 0 .0 6  a r e
o b ta in e d  from  th e  Finem an-Ross graph  ( l e a s t  sq u are  f i t  o f d a t a ) .
These d a ta  a r e  compared w ith  v a lu e s  f o r  p e n ta c h lo ro s ty re n e ^ ^  1 ,53
53and 2 - f lu o ro s ty r e n e  i n  T ab le  22. V alues o f 1 / r ^ ,  w hich g iv e  th e  
r a t e  c o n s ta n t f o r  a d d i t io n  o f  a s ty r y l  r a d ic a l  to  th e se  monomers 
r e l a t i v e  to  th e  r a t e  c o n s ta n t  f o r  a d d i t io n  to  s ty re n e ,  show th a t  th e  
monomers in c re a s e  i n  a c t i v i t y  i n  th e  o rd e r p e n ta c h lo ro s ty re n e  < 
s ty re n e  < £ - f lu o r o s ty r e n e  < PFS. U sing th e  E q u a tio n  41 and 42 
and th e  v a lu e s  o f  = 1 .00  and ê  ̂ = -0 .8 0  f o r  s ty re n e  g iv e s  
Qg = 0 .69  and e^ = 0 .7 4  f o r  PFS. A ty p ic a l  g raph  fo r  th e  r e la t io n s h ip  
betw een copolym er and feed  (monomer m ix tu re ) com positions i s  shown 
in  F ig u re  20a.
The c o p o ly m eriz a tio n  was a ls o  s tu d ie d  a t  60° u s in g  AIBN 
i n i t i a t i o n  to  d e term ine  th e  v a lu e  o f  th e  c ro s s - te rm in a t io n  r a t i o  
(s e e  I n t r o d u c t io n ) .  E q u a tio n  45 was used fo r  c a lc u la t io n .  Table 20 
g iv e s  th e  d a ta .  A v a lu e  o f  ^ = 7 .2  i s  found, in d ic a t in g  a  s u b s t a n t i a l  
tendency  tow ard c ro s s - te rm in a t io n .
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C opo lym erlza tion  o f  PFS and M ethyl M e th ac ry la te  I n i t i a t e d
I
by AIBNo The same p ro ced u res  were fo llow ed  in  e v a lu a tin g  copoly-
m e rlz a tio n  p a ram ete rs  fo r  MMA and PFS (Mg). The com position  o f
th e  copolym er was determ ined  u s in g  u l t r a v i o l e t  sp e c tro sc o p y . Table
21 g iv e s  th e  d a ta .  The Finem an-Ross tre a tm e n t y ie ld s  -  0 .99  ± 0 .03
and rg  = 0 .91  ± 0 .0 6 . These d a ta  a r e  compared w ith  v a lu e s  o f
p e n ta c h lo ro s ty re n e ^ ^ ” ^ * a n d  s ty re n e  in  T ab le  22. V alues o f  1 /r ^ ,
w hich g iv e  th e  r a t e  c o n s ta n t fo r  a d d i t io n  o f  a  poly-MMA r a d ic a l  to
th e se  monomers r e l a t i v e  to  th e  r a te  c o n s ta n t f o r  a d d i t io n  to  MMA,
show t h a t  th e  monomer in c re a s e  in  a c t i v i t y  in  th e  o rd e r  p e n ta c h lo ro -
40s ty re n e  <  MMA «  PFS <  s ty r è n e .  By u s in g  = 0 .7 4  and ê  ̂ = 0 .40 ,
th e  v a lu e s  o f  Qg = 0 .87  and Sg = 0 .7 5  a re  o b ta in ed  f o r  PFS. These
v a lu e s  a r e  i n  f a i r l y  s a t i s f a c to r y  agreem ent w ith  0 .69  and 0 .7 4 ,
r e s p e c t iv e ly ,  o b ta in ed  from  th e  s ty rene-P F S  co p o ly m erlz a tio n . T able
21 a ls o  g iv e s  r a te  d a ta ,  and th e  v a lu e  of ^ = 5 .3  i s  o b ta in e d .
T ab le  23 summarizes the  co p o ly m erlz a tio n  b eh av io r o f PFS.
The av erag e  v a lu e  o f  e  o f 0 .7 5  fo r  PFS appea rs  q u i te  re a so n a b le  conpared
w ith  - 0 .8  f o r  s ty re n e ,  -0 .1 2  fo r  p - f lu o ro s ty re n e ',  and 0 .5 2  f o r  p e n ta -  
53c h lo ro s ty re n e . The average v a lu e  o f Q o f  0U78 f o r  PFS can be
conpared w ith  1 .00  f o r  s ty re n e ,  0 .8 3  fo r  £ - f lu o r o s ty r e n e ,  and 0.22
53 41f o r  p e n ta h c lo ro s ty re n e . A lfre y  and Ebelke have su g g ested  th a t
th e  reduced  Q v a lu e  o f  p e n ta c h lo ro s ty re n e  r e s u l t s  from a  s t e r i c
in h i b i t i o n  o f  resonance  due to  th e  jo -ch lo ro  s u b s t i tu e n t s .  A s im ila r
e x p la n a tio n  could  be evoked fo r  PFS (Atomic r a d i i  in  Xngstrbms a re
H, 0 .2 8 ; F , 0 .6 4 ;  C l, 0 .9 9 ) .? ^
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I t  I s  u s u a lly  expected  th a t  a  la rg e  tendency  toward 
a l t e r n a t io n  o f  monomers In  a  copolymer w i l l  be r e f l e c te d  in  a  la rg e  
v a lu e  o f i .  The d a ta  o f  Table 23 do n o t ag ree  w ith  t h i s  e x p e c ta t io n ; 
th e  s ty re n e  copolymer,' w hich i s  a p p re c ia b ly  a l t e r n a t in g ,  has a  
r a th e r  sm all i  v a lu e . T able 24 summarizes s im ila r  d a ta  f o r  th e  
l i t e r a t u r e .  W alling^^ found th a t  th e  6 f o r  the s ty r e n e -d ie th y l  
fum ara te  system  was s u r p r is in g ly  low d e s p i te  the  pronounced a l t e r n a t in g  
tendency  o f th e  copolym er. A pparen tly , th e  r a d ic a l  reco m b in a tio n  
r e a c t io n  i s  f a r  le s s  s e n s i t iv e  to  p o la r  f a c t o r  th a n  i s  the  more a c t iv a te d  
a d d i t io n  to  a  double bond.
Com bination o f  r^  from th e  co p o ly m eriza tio n  s tu d ie s  w ith
k from  th e  p h o to p o ly m eriza tio n  experim en ts  enab les us to  d is c u s s  p
th e  r e l a t i v e  r e a c t i v i t i e s  (kg^) o f  poly-PFS and p o ly s ty ry l  r a d ic a l s  
a s  shown in  T ab le  23, The d if f e re n c e  o f  r e a c t io n  te m p era tu re  (60°
■ f o r  c o p o ly m eriz a tio n  and 30° f o r  hom opolym erization) i s  not c o n s id e re d . 
The o rd e r  o f r a d ic a l  r e a c t i v i t i e s  i s  th e  same as t h a t  observed in  
t r a n s f e r  r e a c t io n s  (se e  T able 1 9 ), i . e . ,  s ty re n e  < PFS < MMA. Q uite  
o b v io u s ly  i t  fo llo w s  from  th e  Q v a lu es  and th e  in d iv id u a l  r a t e  
c o n s ta n ts  shown in  T ab les 23 and 19 th a t  th e  monomer PFS i s  l e s s  
r e a c t iv e  th a n  s ty re n e  ( s in c e  th e  Q v a lu e  f o r  PFS i s  sm a lle r  th a n  
th a t  o f s ty r e n e ,  see  T able 2 3 ), bu t th a t  th e  r a d ic a l  i s  more r e a c t iv e  
( f o r  e x an g le , th e  v a lu e s  o f  k^^ g fo r  PFS in  to luene-e thy lbenzene-cu raene  
s e r i e s  a re  alw ays la r g e r  th an  th o se  o f s ty re n e ,  see T ab le  1 9 ), in  
acco rd  w ith  th e  g e n e ra l p ic tu r e  in  v in y l  p o ly m e riz a tio n  (see  
I n t r o d u c t io n ) .
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Thermal C opolym erizatlon  o f  PFS and S ty re n e . Copoly- 
m e rlz a tlo n  o f  PFS and s ty re n e  was c a r r ie d  out in  th e  absence of 
I n i t i a t o r .  The same p rocedu res were fo llow ed In  e v a lu a t in g  copoly­
m e riz a tlo n  p a ram ete rs . Table 25 g iv e s  th e  d a ta . As ex p ec ted , th e  
Finem an-Ross tre a tm e n t y ie ld s  = 0 .39  ± 0 .02 and r ^  = 0 .17  i  0 .12  
In  agreem ent w ith  th o se  o b ta in ed  from  th e  A IB N -In itia ted  copoly­
m e rlz a tio n  o f  PFS and s ty re n e . S ince i  I s  known to  be 7 .2  fo r  PFS- 
s ty re n e  co p o ly m eriza tlo n , th e  measurement o f o v e r - a l l  r a t e s  of
th e rm al copo ly m eriza tlo n  o f th e  same system  should p e rm it the
7 44d e te c t io n  o f  any c r o s s - l n l t l a t l o n  p ro c e ss  * by u s in g  E quation  45.
44The r e s u l t s  a re  shown In  Table 25. W alling  p re d ic te d  th a t  much 
la r g e r  v a lu e s  o f  the  s p e c i f ic  r a t e  o f  c r o s s - l n l t l a t l o n  m ight be 
ex p ec ted  f o r  more s tro n g ly  a l te r n a t in g  p a i r s  o f monomers. The d a ta  
o f  T able 25 do not ag ree  w ith  t h i s  e x p e c ta t io n ;  th e  system  PFS- 
s ty re n e ,  w hich I s  a p p re c ia b ly  a l t e r n a t in g  ( r^ rg  = 0 .0 9 3 ) ,  th e  r a te s  
observed  no t on ly  f a l l  to  In d ic a te  c r o s s - l n l t l a t l o n ,  bu t a re  a c tu a l ly  
low er th a n  th o se  which would be expec ted  from th e  known r a te  o f 
the rm al p o ly m eriza tio n  o f  s ty re n e  a lone  ( th e  therm al r a t e  o f p o ly ­
m e riz a tio n  o f  PFS I s  slow er th an  th a t  o f  s ty re n e ) .  T here a re  a 
few r e p o r ts  a v a i la b le  In  th e  l i t e r a t u r e  on c ro ss  I n i t i a t i o n  system s.
ft /t
W allin g  s tu d ie d  th e  therm al co p o ly m eriza tlo n  o f s ty re n e  and MMA, 
and found p r e f e r e n t i a l  c ro ss  I n i t i a t i o n ,  (presum ably due to  p o la r  
e f f e c t s  in  th e  t r a n s i t i o n  s t a t e )  a lth o u g h  the system  I s  on ly  
m od era te ly  a l te r n a t in g  ( r^ rg  = 0 .2 6 ^ ^ ). G ilb e r t  e t  a l . ^^ observed 
a  ra p id  c ro ss  I n i t i a t i o n  fo r  th e  v ln y lld e n e  c y a n id e -s ty re n e  and th e
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v ln y lld e n e -2 y 5 -c llc h Io ro s ty re n e  system s. Both o f  th e se  system s a re
v e ry  s tro n g ly  a l t e r n a t in g  ( r ^ tg  = 5 .0  x  10 ^ f o r  v ln y lld e n e  cyan lde-
s ty re n e  ; 2 .8  x  10 f o r  v ln y lld e n e  c y a n ld e -2 ,5 -d lc h lo ro s ty re n e ) .  On
th e  o th e r  hand, how ever, no c ro s s  I n i t i a t i o n  was d e te c te d  In  th e
43case  o f  s ty r e n e -d ie th y l  fu m ara te , a lth o u g h  th e  system  I s  s tro n g ly  
a l t e r n a t in g  a ls o  ( r ^ tg  = 0 .0 2 1 ). A p p aren tly , th e  g e n e ra l i ty  o f  such 
c ro s s  I n i t i a t i o n s  I s  unknown, and th e  p r e c is e  I n te r p r e ta t i o n  I s  
d i f f i c u l t  s in ce  th e  meaning o f  the  v a lu e  o f  I n  th e  u su a l copolymer 
r a t e  e q u a tio n  I s  o b scu re .
• Thermal C opo lym eriza tlon  o f  PFS and M ethyl M e th a c ry la te . 
C opolym eriza tlon  o f  FFS and MMA was c a r r ie d  ou t In  th e  absence o f  
any I n i t i a t o r .  Table 27 g iv e s  th e  d a ta .  As e x p ec ted , th e  Fineman- 
Ross tre a tm e n t y ie ld s  r^  ̂ = 0 .93  ± 0 .11 and r^  = 0 .91 ±  0 .25  (M  ̂ I s  
FFS), In  agreem ent w ith  th o se  ob ta ined  from  th e  A IB N -In itia ted  
c o p o ly m eriza tlo n  o f PFS and MMA. The same p ro ced u res  were fo llow ed  
In  e v a lu a tin g  th e  s p e c i f i c  r a t e  o f c ro ss  I n i t i a t i o n .  Table 27 a l s o  
g iv e s  th e  d a ta .  A gain , th e  r a t e s  observed  In d ic a te  no c ro s s  
I n i t i a t i o n .
C opo lym eriza tlon  o f  PFS and S ty rene  In  S o lv e n ts . PFS and 
s ty re n e  were allow ed to  copolym erlze In  a number o f s o lv e n ts .  T able 
26 g iv e s  th e  r e s u l t s .  The Fineman-Ross tre a tm e n t y ie ld s  r̂  ̂ = 0 .3 9  ± 0 .01 , 
tg  = 0 .3 0  ±  0 .0 6 , (Mg I s  PFS) fo r  th e  A IB N -ln ltla te d  co p o ly m eriza tlo n  
o f  PFS and s ty re n e  In  b e n z o n i t r i l e ;  r^  = 0 .40  ± 0 .0 2 , r^  = 0 .56  ±  0 .0 7 , 
f o r  th e  co rrespond ing  th e rm a l co p o ly m eriza tlo n  o f  PFS and s ty re n e  In  
b e n z o n i t r i l e .  T h is  r e s u l t  compares w ith  r̂  ̂ = 0 .42  ± 0 .0 1 , r^  = 0 .22  ± 0 .0 6 , 
f o r  th e  A IB N -ln ltla ted  and r̂  ̂ = 0.39 ± 0 .0 2 , r ^  = 0 .17 ±  0 .12  f o r  the
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the rm al c o p o ly m erlz a tio n  o f FFS and s ty re n e  in  th e  absence o f  s o lv e n t .  
S ince th e  r a t e  c o n s ta n t fo r  c h a in  i n i t i a t i o n  o r ch a in  te rm in a tio n  
does no t ap p ea r i n  th e  co p o ly m e riz a tio n  e q u a tio n , th e  e q u a tio n  p re d ic ts  
no dependence o f  copolymer co m p o sitio n  and hence monomer r e a c t i v i t y  
r a t i o s  on th e  o v e r - a l l  r a te  o f  p o ly m e riz a tio n  p ro c e s s , nor upon th e  
p a r t i c u l a r  i n i t i a t o r  s t a r t i n g  th e  r a d ic a l  ch a in . T h is  independence 
has been confirm ed f o r  styrene-MMA r a d ic a l  c o p o ly m eriz a tio n  in t i a t e d
t h e r m a l l y , p h o t o c h e m i c a l l y , by benzoy l p e r o x i d e , ^  by
83 83 o/£ -ch lo ro b e n zo y l p e ro x id e , by ^ -b u ty l  p e ro x id e , by AIBN, by
85t r i is o p ro p y lb o ro n ,  (a  f r e e - r a d i c a l - t y p e  c a t a l y s t ) ,  by g -ra y
ir r a d ia t io n ,® ^  and by y ray  i r r a d ia t io n .® ^  W ith styrene-MMA no
change in  monomer r e a c t i v i t y  r a t i o s  has  been d e te c te d  upon th e
a d d i t io n  o f  w a te r , e th y lb e n z e n e , dodecy l m ercap tan , o r  hydroquinone,
81o r  th e  p resen ce  o r  absence o f  a i r ,  n o r by changing th e  r e a c t io n  
medium from  m ix tu res  o f  pure monomers to  monomer s o lu t io n s  in  a number 
o f  so lv e n ts  such a s  e th y l  a c e t a t e ,  benzene , o r  a c e t o n i t r i l e ,  o r  even
Q i  Q p  o o  Q Q  g n
m ethanol. » » » However, B radbury and M e lv ille  s tu d ie d  th e
c o p o ly m eriza tio n  o f s ty re n e  and b u ty l a c r y l a t e  in  benzene s o lu t io n
(u s in g  la b e l le d  AIBN as i n i t i a t o r ) ,  and observed an a p p re c ia b le
in c re a s e  o f r^  and r ^  in  th e  m ost d i l u t e  s o lu t io n .  Drougas and 
93G uile  a l s o  re p o r te d  a s u b s t a n t i a l  d e v ia t io n  from c o n s ta n t v a lu e s
o f  rj^ and r ^  in  th e  c o p o ly m eriz a tio n  o f  i t a c o n ic  an h y d rid e  and
s ty re n e  u s in g  benzene and THF a s  s o lv e n ts .  In  r e c e n t  y e a rs ,  i t  has
91-2been found by s e v e ra l  groups o f  w orkers t h a t  th e  monomer 
r e a c t i v i t y  r a t i o s  o f  p o la r  v in y l  monomers such as a c r y l o n i t r i l e  may
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92be a l te r e d  by com plexing w ith  Lewis a c id s  such a s  aluminum c h lo r id e
91 94and z in c  c h lo r id e .  On th e  o th e r  hand, O verberger e t  a l .
observed no d i f f e r e n c e  in  monomer r e a c t i v i t y  r a t i o s  fo r  th e  copolymer 
system  s ty re n e -£ -c h lo ro s ty re n e  in  s o lv e n t m ix tu res  o f  carbon t e t r a ­
c h lo r id e  and n itro b e n z e n e  u sing  aluminum brom ide, f e r r i c  c h lo r id e ,  
t i ta n iu m  t e t r a c h l o r id e ,  s ta n n ic  c h lo r id e  and t i ta n iu m  t e t r a c h lo r id e -  
t r i c h lo r o a c e t i c  a c id  as c a t a ly s t s  in  homogeneous s o lu t io n .  Thus, 
a lth o u g h  th e  monomer r e a c t i v i t y  r a t i o s  show g e n e ra l i n s e n s i t i v i t y  
to  th e  environm ent i n  which p o ly m e riz a tio n  o c c u rs , th e re  a re  ca se s  
where t h e i r  so lv e n t dependence a r e  no t n e g l ig ib le .  I t  i s  no t 
s u r p r is in g ,  th e r e f o r e ,  f o r  th e  p re s e n t  system  P F S -sty ren e  to  show 
some p o s i t iv e  d e v ia t io n  from co n stan cy  o f  r̂  ̂ and r ^ .  For exam ple, 
in  b e n z o n i t r i l e  s o lu t io n  th e re  i s  an a p p re c ia b le  in c re a s e  o f  rg 
w hich in v o lv e s  an av erag e  in c re a s e  o f PFS c o n te n t o f co rresp o n d in g  
polym ers o f  ab o u t 8% (compare T ab les  25 and 2 6 ). I t  i s  n o t known 
w hether t h i s  r e p re s e n ts  a r e a l  in c re a s e  o f r^  o r  i s  due to  a  la rg e  
amount o f t r a n s f e r  t o  b e n z o n i t r i l e  and PFS w ith  consequen t in c o rp o ra tio n  
o f phenyl g roups in t o  the  polym er. The l a t t e r  p o s s i b i l i t y  could be 
ru le d  ou t s in c e  th e  t r a n s f e r  c o n s ta n ts  to  b e n z o n i t r i l e  and PFS a r e  
ap p ro x im ate ly  z e ro . A p p aren tly , a sy s te m a tic  s tu d y  on th e  monomer 
r e a c t i v i t y  r a t i o s  o v er a wide range o f  b e n z o n i t r i l e  (and on th e  
o th e r  s o lv e n ts  as w e ll)  c o n c e n tra tio n  would be n e c e ssa ry  to  co m ple te ly  
c l a r i f y  t h i s  o b s e rv a tio n .
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T able 20





R ate X 10 Polym er C om position BMgC f F
8 .7 0 0 7 .0 3 0
7 .2 5 1 .2 2 9 .18 2 3 .0 3.35 5 .94 10
6 .5 3 1 .8 3 9 .54 28 .9 2.46 3 .56 9 .0
5 .8 Î 2 .4 4 10 .0 32 .6 2.07 2.38 7 .9
4 .3 6 3 .6 6 11 .2 4 4 .7 1.24 1.19 5 .6
2 .1 8 5 .5 0 10 .4 57 .5 0.739 0.396 5 .3
1 .4 5 6 .11 10 .4 65 .8 0.520 0.238 4 .6
0 7 .33 7.66 100
* In  th e  p re se n c e  o f  8 .8 5  x  10 AIBN.
b - 1In  M se c  .
^From % carbon  In  copolym er. A n a ly s is  by nmr In  carbon te t r a c h lo r id e  
was le s s  p r e c i s e  b u t gave d a ta  c o n s is te n t  w ith  th e s e .
^The fo llo w in g  v a lu e s  w ere u sed : Mi = s ty re n e  ; M2 = PFS; r^  = 0 .4 2 ;
rg  = 0 .2 2 ; 6f  = 900; ôf = 675; %  = 2k^f [AIBN], and k j  = 1 .13  x  10"5
s e c ” ^ . The v a lu e  o f f  In  pure PFS was d e te rm in ed  a s  0 .5 2  (see
T ab le  6 ) and In  a  50 /50  m ix tu re  of s ty re n e  and PFS to  be 0 .5 5 ; f  In
p u re  s ty re n e  I s  0 .6 0  ( r e f . 3 7 ). In  a l l  th e  c a lc u la t io n s  In  T ab le  20,
f  was ta k e n  a s  0 ,5 7 . V a r ia t io n  o f f  betw een 0 .5 2  and 0 .6 0  does not 
a p p re c ia b ly  a f f e c t  th e  v a lu e  o f
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T able 21
C opolym eriza tlon  o f PFS and M ethyl M eth ac ry la te  a t
a
60^
[M l] R ate X 10^
Polym er Com position , F
9 .3 5 0 2 9 .5 0
7 .7 9 1 .2 2 1 7 .4 14 .9 6 .0
7 . o f 1.83 1 6 .4 2 0 .6 3.85 3 .83 4 .5
6 .2 3 2 .44 13 .1 2 7 .4 2.65 2 .55 5 ,7
4 .6 8 3.66 11 .9 4 4 .8 1.23 1 .28 4 .6
2 .3 4 5 .50 9 .9 2 67 .8 0.475 0.425 4 .5
1 .5 6 6 .1 1 8 .77 79.1 0 .264 0.255 6 .5
0 7 .33 7 . 6 6 100
^ In  th e  p re sen ce  o f 8 .8 5  x  10 AIBN.
From UV sp e c tro sc o p y .
^ C a lcu la ted  u s in g  rj^ = 0 .9 9 ; r 2 = 0 .9 1 ; 6i = 46 .2  ( r e f . 3 8 ); 62 = 675; 
R. = 2 k jf  [AIBN] w ith  k j f  = (1 .1 3  x  1 0 -5 )(0 .5 0 )  s e c -1 . The fo llo w in g  
v a lu e s  o f  f  have been m easured: 0 .5 2  in  pure FFS; 0 .50 in  a  50:50
m ix tu re  o f  PFS and MMA; 0 ,46  i n  pu re  MMA ( r e f . 3 9 ). The v a r ia t io n  of 
f  betw een 0 .52  and 0 .4 6  a f f e c t s  th e  v a lu e  o f  i> by le s s  th a n  8%.
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T able 22
C opolvm erlza tio ti P a ram e te rs  fo r  S ev era l Monomers With S ty rene  and MMA
* 2 h ^2 42 ®2 T em peratu re , ®C
Mĵ  = S tyrene
P e n ta c h lo ro -
8 ty re n e * )b 1.31 0 .35 0 .7 0 .2 2 0.52 70°
p -F lu o ro -
sty ren e® 0.7 0 .9 1 .4 0 .83 - 0 .1 2 60°
PFS^ 0 .42 0 .2 2 2 .4 0.69 0 .74 60°
MMA® 0.52 0 .46 1 .9 0 .74 0 .40 60°
P e n ta c h lo ro ­




0 .2 2 0 .52 70°
PFS** 0.99 0 .91 1 .0 1 0.87 0.75 60°
Styrene® 0.46 0 .52 2 .2 1 .0 0 - 0 . 8 60°
See Young, r e f . 40.
*See A lf re y  and E belke , r e f . 41.
'See r e f . 53 and 75.
T h is  s tu d y .
"See Lewis e t  a l . . r e f . 16.
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Table 23
A Summary o f the  C opolym eriza tlon  P aram eters  fo r  PFS ( tL )
Ml r i  Qg *2 12
Styrene
MMA
0 .4 2  0 .22  1 .0 0  0 .69  -0 .8 0  0 .7 4  
0 .9 9  0 .91  0 .7 4  0 .87  0 .40  0 .75
255(726)
254(536)
886(2527) 7 .2  
214(611) 5 .3
„ = k , , / r , , where k , , = 107 M~^sec"^ fo r  s ty r e n e ;  251 M^sec ^ f o r  MMA 
( f e f .7 7 7 .
^ 2 1  = ^22^^2* ^22 “  1^^ M"isec ^ fo r  PFS.
®The v a lu e s  in  p a re n th e se s  w ere c a lc u la te d  by u s in g  k^]  ̂ o r kg2 a t  60°C 
e s tim a te d  by  assum ing th e  fo llo w in g  v a lu es  o f th e  a c t iv a t io n  e n e rg ie s  
fo r  p ro p a g a tio n : s ty re n e  and PFS, 7 k ca l/m o le  ( r e f .4 8 ) ;  MMA,
5 k ca l/m o le  ( r e f . 7d ) .
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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T ab le  24
V alues o f th e  C ro ss-T erm in a tio n  C onstan t h
System i =1^2
P F S -s ty re n e ^ ' 7 .2 0.093
P F s -m ® 5.3 0.90
p -Me thoxy s ty r e n e - s  ty re n e ^ 1 .0 0.95
p-Methoxystyrene-MMA^ 24 0.09
Styrene-MMA^ 14 0.26
S ty re n e -d ie th y l  fum ara te^ 8 0,028
S ty re n e -b u ty l a c r y la te ^ 150 0.07
^ P re se n t v a lu e .  
^See r e f . 42. 
^See r e f . 43 .
































T ab le  25
Therm al C opo lym eriza tlon  o f  PFS (M^) and S ty rene  a t 60'"
See fo o tn o te s  under T ab le  20. No i n i t i a t o r  was added .
i n i t i a t i o n "  betw een




f F \ , 1 2 , t h \ , l , t h
X 10^1^ X l o l l "
* i , 1 2 , t h
* 1 ,1 , t h
8 .7 0 0 0.206 0 - - - - - - - - 5 .0 3 - - - - ---- -
7 .25 1 .2 2 0.239 2 4 .0 3 .17 5 .9 4 6 .30 7 .2 6 14.7 0.868
6 .53 1 .8 3 0.257 2 8 .4 2 .52 3 .57 7 .14 8 .97 6 .5 4 0.796
5.81 2 .4 4 0.269 35 .5 1 .82 2 .38 7 .78 11 .3 3 .68 0.688
4 .3 6 3.66 0.257 4 2 .2 1.37 1 .19 7 .29 20 .1 1 .63 0 .363
4 .3 6 3.66 0.251 45 .2 1 .21 1 .19
1 .45 6 .11 0 .124 70 .1 0.427 0.238 2.36 182 0.587 0.013
0 7 .3 3 0.0570 100 - —— — - - - - 0.408
Ri 12 t h  = r a t e  o f  " c r o s s - i n i t i  
from, é q u a tio n  45 u s in g  «5 = 7 .2 ;
monomer 1 and monomer 2 (PFS). 12  t h  
r i  = 0 .4 2 ; X2 = 0 .2 2 ;  = 900; 6^ = 6 7 5 .  * *
i s  th e  r a t e  o f th e rm al i n i t i a t i o n  o f  monomer 1 c a lc u la t in g  from  th e  e q u a tio n  
^ ^ l ^ t h  “  ®1^^^ where 6^ = 900 and = 2 .06  x  1 0 "%  se c "^ .
2 t h  th e  r a t e  of th e rm al i n i t i a t i o n  o f monomer 2 (PFS) c a lc u la t in g  from  th e  e q u a tio n  
t i l z l c h  = where 6^ = 675 and ^  = 5 .7 0  % 10-7m s e c -1 .
i s  c a lc u la te d
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Table 26





B e n z o n i t r i le 4 .3 5 0 0 .520 0 - - - - - - - -
B e n z o n i tr i le 3 .27 0 .916 1 .1 0 32 .2 2 .11 3 .57
B e n z o n i tr i le 2 .9 0 1 .2 2 1 .25 38 .8 1 .5 8 2 .38
B e n z o n i tr i le 2 .1 8 1 .83 2 .1 4 5 0 .3 0.988 1 .19
B e n z o n i tr i le 2 .1 8 1 .8 3 2 .09 51 .6 0.938 1 .19
B e n z o n i tr i le 1 .09 2 .7 5 1 .22 64 .6 0.548 0.396
B e n z o n i tr i le 0 3 .67 0 .427 100 - - - - - - - -
B e n z o n itr i le ^ 3 .6 3 0 . 6 i l 4 4 .2 24 .3 3 .1 2 5 .9 4
B e n z o n i tr i le ^ 3 .27 0 .916 51 .9 31 .2 2 .21 3.57
bB e n z o n i tr i le 3 .27 0 .916 51 .2 30 .9 2 .2 4 3.57
K
B e n z o n i tr i le 2 .9 0 1 .2 2 66.7 37 .1 1 .7 0 2 .38
B e n z o n itr i le ^ 2 .1 8 1 .83 75 .6 44 .7 1 .2 4 1 .19
bB e n z o n i tr i le 1 .09 2 .75 71 .2 64.1 0 .560 0.396
Benzene 2 .1 8 1 .83 0 .423 4 7 .0 1 .1 3 1 .19
F luorobenzene 2 .1 8 1 .83 0 .649 43 .9 1 .2 8 1 .19
C hlorobenzene 2 .1 8 1 .8 3 0 .6 3 4 4 7 ,7 1 .1 0 1 .19
Bromobenzene 2 .1 3 1 .83 0 .613 4 6 .2 1 .1 6 1 .1 9
Toluene 2 .1 8 1 .8 3 0 .633 4 3 .4 1 .3 0 1 .1 9
B e n z o tr i f lu o r id e 2 .1 8 1 .83 0 .573 4 8 .6 1 .06 1 .1 9
A n iso le 2 .18 1 .8 3 0 .803  • 42 .4 1 .3 6 1 .19
A n iso le 2 .1 8 1 .8 3 0 .805 4 2 .0 1 .3 8 1 .1 9
H exafluorobenzene 2 .1 8 1.83 0 .315 50 .1 0 .996 1 .19
MIBK 2 .1 8 1 .8 3 3.57 48 .1 1 .08 1 .1 9
See fo o tn o te s  under T ab le  20. No i n i t i a t o r  was added .
^ In  th e  p re se n c e  o f  [AIBN] = 8 .8 5  x 10 and [PhCN] = 4.90M 
co rresp o n d in g  to  50% by volum e.




































T ab le  27
Therm al C opo lym eriza tlon  o f PFS (MO and MMA a t  60‘
a




f F \ , 1 2 , t h
X 10^1 s
* 1 ,2 , th
X l o l l
* l , 1 2 , t h
* i , 2 , t h
9 .3 5 0 0.240 0 — — — — — — — 0.0304 — —“ — — — —
7.01 1 .8 3 1 .90 2 1 .0 3 .76 3 .8 3 1 .5 4 0.0542 6 .54 0.235
6 .23 2 .4 4 1 .01 27 .8 2 .6 0 2 .55 0 .564 0.0686 3.68 0.153
4 .68 3 .6 6 0.885 49 .0 1 .0 4 1 .2 8  • 0 .624 0.122 1.63 0.383
2 .3 4 5 .5 0 0.632 6 4 .4 0.553 0.425 0.446 0.486 0.772 0.618
1.56 6.11 0.569 78 .6 0.272 0 .255 0.388 1.09 0.587 0.661
0 7 .3 3 0 .570 100 — —— — — — — — -  —— — — — — — 0.408 - - - -
See fo o tn o te s  under T ab le 21. No I n i t i a t o r  was added.
^ C a lc u la te d  from  E qu a tio n  45 u s in g  i  = 5 .3 ;  = 0 .9 9 ; r^  = 0 .9 1 ; = 4 6 .2 ;  6^ = 675. .
^ C a lcu la ted  from  th e  e q u a tio n  R. - , = G^R  ̂ . . /Q l]^  where 6^ = 4 6 .2  and R_ . = 2 .4  x  1 0 M
(W allin g , r e f . 4 4 ) . l , l , t h  i  ï , l , t h  1 ï , l , t h
j  7  0  0  0  —1






Mole Fraction PFS in Feed
F ig u re  20a. R e la tio n sh ip  between Copolymer and Feed C om positions.
Curve I :  PFS-MMA system  (r^  = 0 .9 9 , r ^  = 0 .9 1 ) ,  = MMA.
Curve I I :  PFS-Styrene system  (r^^ = 0 .4 2 , r ^  = 0 . 22 ) ,
Mg = PFS.
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HETEROPOLYMERIZATION
I .  EXPERIMENTAL SECTION
M a te r i a ls . The PFS and AIBN used w ere p u r if ie d  by the  
same p ro ced u res  a s  th o se  d esc rib e d  In  the  H om opolym erlzatlon s e c t io n .  
The m ethanol used In  t h i s  s tudy  was o f  c .p .  g rad e  and was d i s t i l l e d  
under n i t ro g e n  Im m ediately  b e fo re  u se .
K in e t ic s . The p o ly m eriza tio n  r a t e s  w ere fo llow ed  by an 
an^oule te c h n iq u e . S o lv e n t, monomer, and c a t a ly s t  were added In  
th a t  o rd e r  under a  s tream  of n i t ro g e n .  The polym er’was I s o la te d  by 
th e  m odified  f re e z e -d ry  te ch n iq u e  d e sc rib e d  In  th e  p rev io u s  s e c t io n .  
The number av erag e  m o lecu la r w eigh t o f  th e  poly-PFS sa n g le s  was 
ob ta ined  from  m easurem ents o f I n t r i n s i c  v i s c o s i t y  In  MIBK a t  30°, 
using  th e  E q u a tio n  48.
I I .  RESULTS AND DISCUSSION
V a r ia t io n  o f  R^ and P W ith TmI . The p o ly m eriza tio n  o f  PFS 
In  m ethanol (a  d i lu e n t  th a t  causes p r e c i p i t a t io n  of th e  polym er) a t  
60° I s  homogeneous when th e  I n i t i a l  monomer c o n c e n tra tio n  I s  equ a l 
to  o r  h ig h e r  th a n  2M. However, even under th e se  c o n d itio n s , th e  
po lym eriz ing  system  s e p a ra te s  In  two phases (one d i lu te  and one 
co n ce n tra te d  In  polym er) when a  c e r t a in  co n v e rs io n  is  reach ed . T h is  
conversion  depends on th e  solvent-monomer r a t i o  and on th e  m olecu lar
115
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w eig h t o f  th e  produced polym er. F or monomer c o n c e n tra tio n s  low er th a n
2M, th e  system  becomes he terogeneous from th e  o n s e t of th e  r e a c t io n .
T ab le  28 shows th e  d a ta  and F ig u re  21 i s  a p l o t  o f  log Rp v s .  lo g  [M]
(where Bp i s  th e  observed  r a t e  o f p o ly m e riz a tio n  in  M sec  and [M]
i s  th e  i n i t i a l  monomer c o n c e n tra tio n  in  M) in  th e  p resence  o f  a
' / -4c o n s ta n t c o n c e n tra tio n  o f  AIBN o f 1 .85  x 10 M. The f ig u re  shows
t h a t ,  a s  th e  i n i t i a l  monomer c o n c e n tra tio n  i s  reduced  by th e  a d d i t io n
o f  m ethanol, th e  r a t e  a t  f i r s t  d e c l in e s ,  u n t i l  [M] si 2M i s  re a c h e d .
Then th e  r a t e  in c re a s e s  a s  th e  monomer c o n c e n tra tio n  d im in ish es  to
ab o u t IM. The r a t e  d e c re a se s  a g a in  when [M] i s  below IM, where th e
r e a c t io n  o rd e r w ith  r e s p e c t  to  monomer i s  ap p ro x im ate ly  2 ( s e e  th e
d o tte d  l i n e  p o r t io n  i n  F ig u re  2 1 ). D uring th e  i n i t i a l  d ec re ase  in
r a t e  th e  polym er rem ains in  s o lu t io n ,  bu t a t  th e  p o in t where th e  r i s e
in  r a t e  occurs  th e  polym er beg ins to  se p a ra te  a s  a  g e la tin o u s
p r e c i p i t a t e ,  and th e  enhancement o f  r a t e  i s  no doubt due to  th e
accompanying re d u c tio n  in  th e  v a lu e .  This o b s e rv a tio n  i s  su p p o rted
by th e  concom itan t in c re a s e  in  th e  degree  o f p o ly m e riz a tio n  a s  shown
95i n  F ig u re  23, Thus, t y p i c a l  o c c lu s io n  phenomena a re  o p e ra t iv e , a  
r e d u c t io n  in  th e  r a te  o f  te rm in a tio n  being  th e  dom inant f e a tu r e .  I n  
su p p o rt o f  t h i s  o b s e rv a tio n , in d iv id u a l  runs i n  t h i s  re g io n , i . e . ,
[M] <  2M, show a marked a u to c a ta ly t i c  e f f e c t .  As can be seen  from 
T ab le  28, h ig h e r  co n v ers io n  runs alw ays give f a s t e r  r a te s  under o th e rw ise  
i d e n t i c a l  c o n d itio n s , and co n seq u en tly  th e  p o ly m e riz a tio n  r a t e  a l s o  
m ust be compared a t  th e  same co n v ers io n . In  th e  re g io n  [M] <  2M th e  
r a t e s  w ere determ ined  between 3-5% co nversion . However, a few p o in ts
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determ ined  a t  c o n v e rs io n  somewhat beyond t h i s  range do not appear to
change th e  tre n d  o f  th e  curve s ig n i f i c a n t l y .  I t  should be  noted th a t
th e  p o ly m e riz a tio n  o f  s ty re n e  In  m ethanol has been shown by Abere 
96e t  a l .  t o  behave l ik e  a  ty p ic a l  o c c lu s io n  system  a ls o .  C h a p lro 's  
97 98experim en ts  * i n  I n i t i a t i o n  by gamma r a d ia t io n  and a more re c e n t 
* 99 •s tu d y  by Odlan e t  a l .  on th e  a c c e le r a t in g  e f f e c t  o f  methanol on th e  
gamma ra d la t lo n - ln d u c e d  g r a f t  c o p o ly m erlz a tlo n  o f s ty ren e  to  p o ly ­
e th y len e  have confirm ed t h i s .
V a r ia t io n  o f  W ith T i l . In  o rd e r  to  o b ta in  th e  v a r i a t io n  
o f  th e  p o ly m e riz a tio n  r a te  w ith  the  I n i t i a t o r  c o n c e n tra tio n  under 
he tero g en eo u s c o n d i t io n s ,  a  s e r ie s  o f  p o ly m e riz a tio n  experim ents w ith  
c o n s ta n t I n i t i a l  monomer c o n c e n tra tio n s  (1.83M  and 0.611M) and w ith  
v a ry in g  I n i t i a t o r  c o n c e n tra tio n s  was c a r r ie d  o u t. The d a ta  a re  a l s o  
g iven  In  T ab le 28 . F ig u re  22 shows a  double lo g a rith m ic  p lo t  o f  th e  
observed r a t e  v e rs u s  I n i t i a t o r  c o n c e n tra t io n . The r e a c t io n  o rd e r  w ith  
re s p e c t  to  I n i t i a t o r  was found to  be 0 .8  a t  [M] = 1.83M and 0 .9  a t  
[M] = 0.611M. The p o in ts  a t  [M] = OàôllM a r e  somewhat s c a tte re d  
p ro b ab ly  a s  a r e s u l t  o f a s tro n g e r  a u t o c a ta ly t i c  e f f e c t .  The m o lecu la r 
w eigh t o f th e  polym ers p rep ared  a t  c o n s ta n t c o n c e n tra tio n  o f I n i t i a t o r  
(1 .8 5  X 10 ^M) and co rrespond ing  to  a c o n v e rs io n  o f  about 6%, In c re a s e s  
sh a rp ly  w ith  th e  monomer c o n c e n tra tio n  changing  from  about 2M to  1.5M 
(se e  F ig u re  2 3 ). The maximum of th e  m o lecu la r w e ig h t occurs a t  a 
monomer c o n c e n tra t io n  c lo se  t o  th a t  o f  th e  maximum r a te  v a lu e . A ccord ing  
to  T alam ln l e t  a l . , ^^^  ^ th e  change o f  th e  m o lecu la r w eight and o f  th e  
p o ly m e riz a tio n  r a t e  w ith  th e  I n i t i a l  monomer c o n c e n tra tio n  should fo llo w
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th e  same tre n d  i n  th e  ab sen ce  o f a  v e ry  a c t iv e  ch a in  t r a n s f e r  a g e n t .
An e s tim a tio n  o f  th e  c h a in  t r a n s f e r  c o n s ta n t to  m ethanol from  the
-5l i n e a r  p o r t io n  o f  a  Mayo p lo t  y ie ld s  a v a lu e  o f 3 .55  x  10 , which
in d ic a te s  th a t  m ethanol i s  no t a v e ry  a c t iv e  c h a in  t r a n s f e r  agen t 
compared to  THF (a  v e ry  a c t iv e  a g e n t)  and  su p p o rts  T a la m in i 's  p o s tu la te .
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F ig u re  21. Graph o f  log  v s .  log  [M] f o r  th e  P o ly m e riza tio n  o f  
PFS in  M ethanol a t  60°C. [AIBN] = 1 .85  x lO’ ^̂ M.




L o g  en +4
F ig u re  22. Graph o f  log  v s .  log [AIBN] f o r  th e  P o ly m e riza tio n  
o f  PFS in  M ethanol a t  [M] = 1.83M ( O  ) ,  and a t  
[M] = 0.611M ( A ) .







F igure  23. Graph o f v s .  [M] fo r  th e  P o ly m e riz a tio n  o f PFS in  
M ethanol a t  [AIBN] = 1.85 x 10 ^M.
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SUMMARY
H om opolvm erization
(1) Thermal p o ly m e riz a tio n  o f  PFS in  b u lk  was done a t  d i f f e r e n t  
te m p e ra tu re s . The o v e r - a l l  a c t iv a t io n  energy  fo r  therm al 
p o ly m e riz a tio n  was found to  be 16 .8  k c a l/m o le . The number- 
average  degree  o f p o ly m e riz a tio n  o f  poly-PFS i s  h ig h e r th an  
t h a t  o f p o ly s ty re n e  by abo u t 3 tim es a t  60° to  abou t 13 tim es 
a t  129°. The r a t e s  o f th e  p o ly m e riz a tio n  o f PFS a re  s im i la r  
to  th o se  o f  s ty re n e  a t  th e  same te m p e ra tu re .
(2 ) The p o ly m e riz a tio n  o f  PFS i n i t i a t e d  by AIBN was done a t
d i f f e r e n t  te m p e ra tu re s . The v a lu e  o f f o r  PFS was found
to  be z e ro . The c a lc u la te d  o v e r - a l l  a c t iv a t io n  energy  fo r
th e  A IB N -in itia te d  p o ly m e riz a tio n  i s  20 .6  k ca l/m o le . The 
2v a lu e s  o f  5 w ere o b ta in ed  fo r  pu re  PFS and P F S-so lven t 
system s.
3
(3) The p o ly m e riz a tio n  o f PFS i n i t i a t e d  by AIBN- H was done a t  
60°. I t  i s  concluded th a t  the  te rm in a tio n  mechanism i s  
e n t i r e ly  by com bination .
(4) Thermal p o ly m e riz a tio n  o f  PFS in  so lv e n ts  was done a t  60°.
The o v e r - a l l  r a t e s  in  s u b s t i tu te d  benzenes a re  ap p rox im ate ly  
second o rd e r  in  monomer. The t r a n s f e r  c o n s ta n ts  to  so lv e n ts  
w ere c a lc u la te d .  An extended th e rm al i n i t i a t i o n  mechanism 
of th e  ty p e  proposed  by Brown i s  ado p ted .
(5) The measurement o f  th e  r a t e  of i n i t i a t i o n  f o r  PFS was done by
124
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u s in g  two d i f f e r e n t  m ethods: th e  m o lecu la r w eigh t method and
th e  I n h ib i to r  method. The m o lecu la r w eig h t method gave 
re a so n a b le  v a lu e s  o f  f  f o r  P F S -so lven t m ix tu re s . The I n h ib i to r  
method was le s s  s u c c e s s fu l .  ' In  th e  ca se s  w here DFPH used a s  
I n h i b i t o r ,  abnorm al r e s u l t s  were o b ta in e d . B enzjqulnohe, 
how ever, d id  g iv e  s a t i s f a c t o r y  d a ta .
(6) The d e te rm in a tio n  o f  r a d ic a l  l i f e t im e  was done by u s in g  th e  
r o t a t i n g  s e c to r  method, and th e  a b s o lu te  r a t e  c o n s ta n ts  
and kj. a r e  c a lc u la te d  f o r  b o th  pure PFS and th e  P F S -so lven t 
sy s tem s .
C opo lym erlza tlon
(1) C o p o ly m erlza tlo n  o f PFS and s ty re n e  I n i t i a t e d  by AIBN was done 
a t  60°. The monomer r e a c t i v i t y  r a t i o s ,  and Q, e v a lu e s  w ere 
o b ta in e d . The {> f a c to r  c a lc u la te d  from th e  k in e t i c  d a ta  I s  
7 .2 .
(2 ) C o p o ly m erlza tlo n  o f PFS and MMA I n i t i a t e d  by AIBN was done a t  
60°. The monomer r e a c t i v i t y  r a t i o s  and Q ,e v a lu e s  w ere o b ta in e d . 
The ^ f a c t o r  c a lc u la te d  I s  5 .3 .  Based on th e  cha in  t r a n s f e r ,  th e  
a b s o lu te  r a t e  c o n s ta n t and th e  c o p o ly m erlz a tlo n  d a ta .  I t  I s  
concluded th a t  th e  PFS monomer i s  le s s  r e a c t iv e  than  s ty r e n e ,  
b u t th a t  th e  r a d ic a l  I s  more r e a c t iv e .
(3) Thermal co p o ly m erlz a tlo n  o f  PFS and s ty re n e  was done a t  60°
In  th e  absence  o f  i n i t i a t o r .  The observed  r a t e s  f a l l  to  
I n d ic a te  c r o s s - l n i t l a t l o n .  The v a lu e s  o f  th e  monomer r e a c t i v i t y  
r a t i o s  w ere found to  be th e  same a s  th o se  In  th e  A IB N -ln ltla te d  
c o p o ly m e rlz a tlo n .
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(4 ) Thermal c o p o ly m erlz a tlo n  o f  PFS and MMA was done a t  60° i n  
th e  ab sen ce  o f  I n i t i a t o r .  No c r o s s - l n l t l a t l o n  was observed  
e i t h e r .  The v a lu e s  o f th e  monomer r e a c t i v i t y  r a t i o s  w ere 
found to  be th e  same as  th o se  In  th e  A IB N -ln itla te d  copo ly - 
m e r lz a t lo n .
(5) C opo lym erlza tlon  o f PFS and s ty re n e  In  so lv e n ts  was done a t  
60° w i th  a n d /o r  w ith o u t AIBN a s  i n i t i a t o r .  The monomer 
r e a c t i v i t y  r a t i o s  a re  a p p a re n tly  changed In  b e n z o n i t r l l e .
H e te ro p o lv m e rlz a tlo n
The h e te ro p o ly m e r iz a tio n  o f  PFS in  m ethanol was s tu d ie d  a t  
60° w ith  AIBN as  I n i t i a t o r .  I t  was shown t h a t  ty p ic a l  
o c c lu s io n  phenomena a re  o p e ra t iv e  In  th i s  system .
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APPENDICES
I .  A Comparison o f  th e  American and th e  B r i t i s h  C onventions 
i n  P o ly m e riza tio n  K in e tic s
(Those e x p re s s io n s  w hich a re  d i f f e r e n t  in  th e  two conven tions 
a r e  denoted by the  symbol (* ))
A merican C onvention 7,47
I n i t i a t i o n :
I  -» 2R.
R* + M -* M" 
P ro p a g a tio n : 
M* + M -* M" 
T erm ination  :
R ate
- d [ i ] / d t  = k j f [ i ]  
d [ R . ] / d t  = 2 k j f [ l ]  
k^[R .][M ]
Rp = kp[M '][M ]
M (com bination )
B r i t i s h  Conventloh^^»^°^"^°^  
R ate
- d [ i ] / d t  = k j f [ i ]  
d [ R .] /d t  = 2 k j f [ l ]
Rp = k [M.][M]
-d [M « ]/d t = 2k^^[M«] (^  -d [M '] /d t  = k^^[M*]tc^
M® + M« -♦ M + M (d is p ro p o r tio n a tio n )  m n m n ^ '
-d [M "]/d t = 2 k ^ j[M ']^ (* )-d [M "]/d t = k^^[M®]^td '





O v e r-a ll  R a te : 
0 .5 ,0 .5
0 .5 r :* -' 2 k .f  ,, .
Bp = = [ - ^ ]
0 .5
0 .5w here 6 = (2k^) * /k  (* ) ( r e f .7 b ) 0 .5 ,where 6 = k ^ ' /k^ (* ) ( r e f s . 106,107)
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The R e c ip ro c a l o f th e  Degree o f P o ly m e riz a tio n ;
( c o m b in a t io n )  
.2
(d is p ro p o r t io n a t io n )
The O v e r -a l l  R ate o f  C o p o ly m eriza tio n : 
-dCCM^] + [M^]}
d t = «P =
¥  = “ 2®P + c. '  + c  
^  2 [K T
M S[M]
(com bination ) 
2
f = +  S.  * “s-B]
(d is p ro p o r t io n a t io n )
Same e q u a tio n  
a s  American 
Convention 
( r e f s . 106,107)
where where
ri-kii/ki2,r2~k22/k2i





é - t l 2
(^ t l l  ^t22^
0 .5 (*)
I f  a l l  c o l l i s i o n s  a re  e q u a l ly  e f f e c t iv e  I f  a l l  c o l l i s io n s  a re  e q u a lly
e f f e c t iv e
i  ~ 1 ( r e f s .7 c ,4 7 b ) ^ = 1 ( r e f s . 42 ,106 ,107)
Thus th e  eq u a tio n s  d e riv e d  w ith  th e  American C onvention o r  th e  B r i t i s h  
Convention may be r e a d i ly  in te rch an g ed  by th e  fo llo w in g  r e la t io n s h ip s :
2k^g (American) = k^^ ( B r i t i s h )
2k^j (American) = k,.^ ( B r i t i s h )
12c
td
Note t h a t  5 has same num erical v a lu e  in  th e  two co n v en tio n s .
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I I .  Some Remarks About th e  R o ta tin g  S e c to r  Technique
The S e t-u p . The fo llo w in g  schem atic  d iag ram  shows th e  
s e t-u p  used In  t h i s  s tu d y :
D
OB
I I I I '  »_______ I_______ I----------- 1------------1------------1
0  20 40 60 80 100 CM
N o ta tio n s  from  l e f t  to  r i g h t :
S: The l i g h t  so u rce  I s  a  100-w att G eneral E l e c t r i c  U l t r a v io le t  Mercury
lanq) su p p lie d  w ith  power system  (E.H . S a rg e n t & Co. C a ta lo g  No. 
S -44260). The power system  shou ld  be k e p t In  a  b a sk e t c o n ta in in g  
D ry -Ic e  to  reduce  th e  h e a t produced by th e  system . The lamp could 
be k ep t c o o lin g  by a  re g u la r  b low er.
I ^ :  An I r i s  w ith  a  c i r c l e  opening c a .4  cm In  d ia m e te r . The p o r t io n
I
c lo se  to  th e  l i g h t  sou rce  I s  made of aluminum f o i l .
D: The sectjor d i s c  w ith  a d ju s ta b le  opening made by Bausch & Lomb
O p tic a l C o ., R o c h e s te r , N.Y. The motor u se d , Bodlne model 
805SBK46, was made by Bodlne E l e c t r i c  C o ., C hicago , I I I .  The
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speed re d u c e r  AFCOR model N o.2401 was made by G e a rtro n lco  
C o rp o ra tio n , N o rth  B i l l e r i c a ,  M ass. The d i s c ,  th e  m otor and th e  
speed re d u c e r  w ere a l l  mounted on th e  same heavy s t e e l  p l a t e  to  
in s u re  th e  r e p r o d u c ib i l i ty  of th e  d is c  r o t a t i o n .
%2 : An i r i s  w ith  a d ju s ta b le  open ing , ( c a .  4 cm in  d iam ete r was used
i n  t h i s  s tu d y ) .
F ; A f i l t e r .  C orn ing  C. S. 0 -52 , made by Corning G lass Works, 
P a rk e rsb u rg , W. Va, T his f i l t e r  was f ix e d  on I ^ .
Ig : An i r i s  w ith  c i r c l e  opening c a . 4 cm in  d ia m e te r .
G lass  le n se s  su p p lie d  by  Edmund S c i e n t i f i c  C o ., B a rr in g to n ,
N .J .  08007. A l l  a re  3% in c h  in  d ia m e te rs . L28X 
Iig: A M ercury re a d in g  g la s s  le n s ,  3 in c h  in  d ia m e te r .
I ^ :  An i r i s  w ith  a d ju s ta b le  c i r c l e  o pen ing . An opening w ith  c a . 4 cm
i n  d iam ete r was used in  t h i s  s tu d y .
T: A th e rm o s ta t b a th ,  wrapped w ith  aluminum f o i l  (o r  k e p t in  a  box).
E; A r e a c t io n  c e l l .
OB; An aluminum bench  of 1 m eter long (E a lin g  C o rp o ra tio n , Cambridge, 
M ass. c a ta lo g  No. 22-681).
Note t h a t  F , Lj^, L^, L^, w ere a l l  f ix e d  on OB. A ll  p a r t s  in  
t h i s  se t-u p  should be fix ed  in c lu d in g  th e  source  S, th e  c e l l  R, e t c .
T h is  i s  im p o rtan t f o r  o b ta in in g  th e  re p ro d u c ib le  r a t e s .
A Sample C a lc u la t io n  o f  Average R ad ica l L ife t im e . The dark  
r a t e  o f  p o ly m e riz a tio n  fo r  PFS i s  0 .11 x  10 ^M sec  ^ a t  [ACHN] =
3 .00  X 10 ^M. The co rresp o n d in g  r a te  under s te a d y  l i g h t  i s  5 .50  x 10 ^M
“ 1 rse c  (se e  T ab le  1 5 ) . T h e re fo re , th e  th e rm al c o r r e c t io n  f a c t o r .
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z = d ark  r a t e / s t e a d y  l i g h t  r a te  = 0 .0 2 . The d if fe re n c e s  betw een the  
th e o r e t i c a l  and ex p erim en ta l cu rves ( fo r  z = 0.02 and r  = 2) a s  
m easured from  F ig u re  20 a r e  as fo llo w s  f o r  p u re  PFS:
Bp/Rpg D iffe re n c e  (= log  t)
0 .565  0 .29
0 .519  0 .26
0 .465  0 .24
0 .428  0 .2 6
Average lo g  t = 0 .263 , t = 1.83 s e c .  Note t h a t  In  a l l  experim en ts  
In  T able 15, th e  p o in ts  ly in g  near midway betw een th e  l im i ts  o f  th e  
th e o r e t i c a l  curve were chosen  fo r  th e  c a lc u la t io n  o f th e  av e ra g e  
l i f e t i m e .  The a c c u ra c ie s  were 5-20%, By m easuring  th e  l i f e t i m e  a t  
v a r io u s  r a t e s  o f p o ly m e riz a tio n , th e  accu racy  of th e  d e te rm in a tio n  of 
th e  r a t e  c o n s ta n ts  could be I m p r o v e d . A  p l o t  o f r a t e  a g a in s t  
r e c ip r o c a l  l i f e t im e  w i l l  g iv e  a s t r a i g h t  l i n e  from th e  slope  o f  which 
th e  r a t i o  2k^/k^ can be computed ( s e e  E q u a tio n  22).
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I I I .  THE KINETICS OF DIRADICAL POLYMERIZATION
The O v e r -a l l  Rate and th e  A c tiv a tio n  E n e rg ie s . The
57ab im o le c u la r  d l r a d l c a l  mechanism proposed by F lo ry  f o r  th e  th e rm al 
p o ly m e r iz a tio n  o f  s ty re n e  i s  as fo llo w s :
i
2M   .M. ( i )
•M. + M *M. ( i i )
b t
2 .M .   NRP ( i i i )
I f  th e  r a t e  o f  te rm in a tio n  i s  assumed to  be b im o le c u la r  as i n  th e  case
o f  m o n o ra d ic a l - in i t ia te d  p o ly m e riz a tio n , th en  i t  fo llo w s  from  th e
2 2s te a d y  s t a t e  c o n d it io n  R  ̂ = R  ̂ t h a t  k^[M] = 2 k ^ ^ [ 'M ']  and th e  r a t e
o f  p o ly m e riz a tio n  i s  th e n  g iv en  by
Rp = k = k (k^/2kj^j.)^[M ]2 ( iv )
T h is  mechanism le a d s  t o  a seco n d -o rd e r r a t e  f o r  th erm al p o ly m e riz a tio n  
o f  PFS in  agreem ent w ith  exp erim en t. I f ,  on th e  o th e r  hand, th e  
te rm in a t io n  i s  a f i r s t - o r d e r  p ro cess  ( e . g . ,  in tra m o le c u la r  c o u p lin g ) , 
s te p  ( i i i )  w i l l  be re p la c e d  by s te p  ( v ) :
•M» Q )  (v )
i2A t s te a d y  s t a t e  k^[M] = k^^[*M *], and th e  r a t e  of p o ly m e riz a tio n  i s
g iv en  by
Rp = k [.M .][M ] = k k ^ /k g ^  [M] ( v i )
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Thus a  f i r s t - o r d e r  te rm in a t io n  p ro cess  would r a i s e  th e  o v e r -a l l  o rd e r  
f o r  the  p o ly m e riz a tio n  t o  3. I f  th e  te rm in a t io n  i s  e n t i r e ly  by 
t r a n s f e r  r e a c t io n ,  th e  s te p  ( i i i )  w i l l  be rep la c e d  by step ( v i i )  :
tr ,M
M. + M ----   ► 2M* ----------»  NEP ( v i i )
slow  f a s t
At s te a d y  s t a t e  and th e  o v e r - a l l  ra te  o f
p o ly m e riz a tio n  i s  g iv e n  by
Rp = kp[-M -][M ] = ( v i i i )
Thus th e  o v e r - a l l  r a t e  i s  second o rd e r in  monomer a l s o .  However, the  
a c t i v a t io n  en erg y  e q u a t io n  d e riv ed  from  E q u a tio n  ( v i i i )  w ill be 
® th = * ® l , th  ■ \ r , M  " " c h  i s  d i f f e r e n t  from
d e r iv e d  from E q u a tio n  ( i v ) . The a c tu a l  te rm in a tio n  mechanism fo r  the 
th e rm a l p o ly m e r iz a tio n  o f  PFS may be a com bination  of Equations ( i i i )  
and ( v i i )  in s te a d  o f  th e  com bination  o f ( i i i )  and (v) so th a t  th e  
o v e r - a l l  r a te  may b e  second o rd e r  in  PFS in  agreem ent w ith  ex p erim en t.
The R e la t io n s h ip  Between th e  O v e r-a ll  Rate and the Degree o f 
P o ly m e r iz a tio n . I n  ,th e  p re se n c e  o f s o lv e n t ,  th e  fo llow ing s te p  may 
be added :
t r , S
M. + S  NRP ( ix )
I t  fo llo w s  from E q u a tio n s  ( i )  - ( i i i ) ,  ( v i i )  and (ix ) th a t th e  degree
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o f  p o ly m er iza tio n  may be g iv en  by
;  - a n a l /d c   ________________ _____________________________
d [ P ] /d t  + k „ _ s [ -M .] [S ]
o r
S = fc p M  + “s M
« h ere  Cg = k „ , s ' ' ' ' p
S ince Rp = [ M ] / 2k^^) ^  and assum ing 5^ =
f  = ^  + “m =s M  (* )
Thus th e  r e la t io n s h ip  betw een Rp and P f o r  F lo ry  d i r a d i c a l  p o ly m e riz a tio n  
i s  th e  same as  th a t  o f  m o n o ra d ic a l- in i ta te d  p o ly m e riz a tio n  (se e  
E quation  13).
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